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Introduction 


Epidemiological  studies  have  shown  an  association  between  decreased  prostate 
cancer  risk  and  increased  consumption  of  diet  rich  in  indole-3-carbinol  (I3C)  which  is 
readily  converted  to  its  dimeric  product,  3,3'-diinolylmethane  (DIM).  The  data  from  our 
laboratory  and  others  have  shown  that  I3C  inhibits  cell  growth  and  induces  apoptotic 
cell  death  in  cancer  cells  by  up-regulation  of  Bax  and  p21WAF1,and  down-regulation  of 
BcI-2/BcIxl-  We  have  also  found  that  I3C  induces  apoptosis  in  both  androgen  sensitive 
and  androgen  independent  prostate  cancer  cells,  suggesting  that  I3C/DIM  may  be  a 
useful  agent  for  prevention  and/or  treatment  of  hormone  independent  and  metastatic 
prostate  cancer  for  which  there  is  no  effective  therapeutic  strategy.  We  have  also 
observed  a  drastic  reduction  in  the  activated  form  of  the  Akt,  and  DNA-binding  activity 
of  NF-kB  in  prostate  cancer  cells  treated  with  I3C,  suggesting  a  previously  unknown 
mechanism  of  the  action  of  13 C.  These  results  provide  important  molecular  evidence, 
which  could  be  exploited  for  sensitization  of  prostate  cancer  cells  to  commonly 
available  chemotherapeutic  agents.  Based  on  these  results,  we  hypothesize  that 
I3C/DIM  functions  as  an  inhibitor  of  NF-kB,  which  may  be  due  to  the  inactivation  of 
Akt-related  signaling  molecules  that  are  important  regulators  of  NF-kB  DNA-binding 
activity,  and  ultimately  leads  to  the  induction  of  apoptotic  processes.  To  test  our 
hypotheses  we  will  investigate  how  I3C/DIM  inactivates  NF-kB  DNA  binding  activity 
and  whether  there  are  any  differential  effects  of  I3C/DIM  between  prostate  cancer  cells 
and  non-tumorigenic  prostate  epithelial  cells  (CRL2221).  We  will  also  determine  how 
13 C/DIM  inhibits  Akt  activation  leading  to  apoptotic  cell  death  of  prostate  cancer  cells, 
and  investigate  how  the  Akt  and  NF-kB  pathways  may  cross-talk  during  the  ultimate 
demise  of  prostate  cancer  cells  induced  by  I3C/DIM.  This  will  be  investigated  by 
critically  evaluating  the  NF-kB  upstream  signaling  molecules  such  as  MEKK,  MEK, 
NIK  and  IKK,  which  are  known  to  play  important  roles  in  the  activation  of  NF-kB.  The 
results  of  this  study  will  provide  us  with  not  only  the  information  regarding  the 
molecular  mechanism(s)  of  action  of  I3C/DIM  in  prostate  cancer  cells,  but  will  also 
provide  us  with  molecular  markers  that  may  be  useful  for  monitoring  effectiveness  of 
I3C/DIM  during  in  vivo  animal  or  human  studies.  In  addition,  these  results  should 
identify  novel  pathways,  which  could  be  targeted  for  the  development  of  molecular 
therapeutic  approaches  for  the  prevention  and/or  treatment  of  prostate  cancer  in  the 
future. 
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Body  of  Report 


The  original  statement  of  work  in  the  proposal  is  listed  below: 

Task-1:  We  will  determine  whether  treatment  of  prostate  epithelial  cells  with 
I3C/DIM  elicit  responses  leading  to  modulation  of  NF-kB  and  investigate  the  molecular 
mechanism  of  NF-kB  inactivation  as  proposed  under  specific  aim-1.  This  investigation  will 
be  conducted  using  both  I3C  as  well  as  DIM  in  androgen  sensitive  (LNCaP)  and  androgen 
independent  (PC-3)  prostate  cancer  cells  and  the  data  will  be  compared  to  those  obtained 
from  non-tumorigenic  prostate  epithelial  cells  (CRL2221).  Task  1  will  take  8  months  to 
complete.  Time  Period  0-8  months. 

Task-2:  We  will  determine  whether  constitutive  activation  of  Akt  (by  gene 
transfection  studies)  increases  NF-kB  activation  in  prostate  epithelial  cells  as  indicated  under 
task-1,  and  thereby  inhibits  apoptotic  processes  induced  by  13  C/DIM.  We  will  conduct 
transient  transfection  experiments  followed  by  establishing  stably  transfected  cells  in  the 
future  in  order  to  determine  the  inhibition  of  I3C/DIM  induced  cell  death  in  those  cells  that 
over-express  Akt  and  NF-kB.  Task  2  will  take  6-12  months  to  complete.  Time  Period  8-20 
months. 

Task-3:  Once  we  complete  task-1  and  2,  we  will  start  working  on  task  3,  which  will 
have  significant  number  of  transfection  experiments.  Task  3  will  determine  whether 
treatment  of  prostate  epithelial  cells  with  I3C/DIM  will  elicit  responses  that  may  determine 
causal  association  between  the  inactivation  of  Akt  and  NF-kB  with  the  induction  of  apoptosis. 
Furthermore,  we  will  investigate  what  signaling  pathways  are  modified  by  I3C/DIM  that 
leads  to  NF-kB  inactivation.  We  will  investigate  different  kinases  that  are  involved  in  the 
NF-kB  pathway,  particularly  the  status  of  IKK,  MAP  kinase-MEK,  MEKK1  and  NIK.  In 
order  to  establish  cause  and  effect  relationships  of  these  genes  with  the  ultimate  effect  of 
13  C/DIM,  several  transfection  experiments  are  planned  which  will  be  very  time  consuming 
and  labor  intensive.  Hence  this  task  will  take  considerably  more  time.  We  expect  to  complete 
this  task  within  12  months.  Time  Period  20-32  months. 

Task-4:  Task-4  will  be  focused  on  to  complete  all  data  analysis,  manuscript  writing 
and  for  the  development  of  novel  ideas  that  may  be  submitted  to  Federal  Agencies  for  further 
continued  funding  in  a  larger  scale  encompassing  animal  and  human  investigations  to  test  (a) 
whether  I3C/DIM  could  be  an  effective  agent  for  the  prevention  and/or  for  the  treatment  of 
tumors  in  animal  models,  (b)  whether  I3C/DIM  pre-exposure  of  prostate  cancer  cells  will 
sensitize  these  cells  to  commonly  available  chemotherapeutic  agents,  and  finally  (c)  whether 
I3C/DIM  could  be  an  effective  agent  for  the  prevention  and/or  treatment  of  human  prostate 
cancer.  Task  4  will  be  completed  within  the  time  period  of  32-36  months. 

We  are  now  reporting  the  research  accomplishments  associated  with  each  task  outlined  in 
the  Statement  of  Work. 

A.  Our  task-1  was  focused  on  investigating  the  effects  of  I3C  and  DIM  on  modulation  of 
NF-kB  and  the  molecular  mechanism(s)  responsible  for  NF-kB  inactivation,  anti-proliferation, 
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and  apoptosis  caused  by  I3C  and  DIM  in  human  prostate  cancer  cells.  We  investigated  the 
effects  of  I3C  on  the  regulation  of  cell  growth,  apoptosis  induction,  and  NF-kB  activity.  We 
found  that  13  C  inhibited  cell  growth,  induced  apoptosis,  and  inactivated  NF-kB  activity.  These 
preliminary  data  have  been  included  in  the  proposal  submitted  to  DOD.  After  submission  of 
the  proposal,  we  continued  to  perform  the  experiments  mentioned  in  Task  1  and  therefore  the 
following  results  are  directly  relevant  to  this  progress  report.  Our  continued  investigation 

provided  significant  results.  We  have 
investigated  the  effect  of  DIM  on  NF- 
kB  DNA  binding  activity.  We  found 
that  DIM  as  an  in  vivo  dimeric  product 
of  I3C  also  inhibited  cell  growth  and 
NF-kB  activity  in  prostate  cancer  cells. 
However,  such  effect  was  not  observed 
in  non-tumorigenic  CRL-2221  prostate 
epithelial  cells  (Figure  1  and  2). 


Figure  1:  MTT  assay  showing  the 
significant  inhibition  of  cell  growth  by 
DIM  in  PCS  cells  (A)  (*:  p<0.05).  Note 
that  there  is  no  significant  growth 
inhibition  in  CRL-2221  cells  (B). 


Figure  2:  Gel  mobility  shift  assay 
showing  that  the  NF-kB  DNA  binding 
activity  is  significantly  inhibited  by  the 
treatment  of  DIM  for  72  hours.  Note  that 
there  is  no  change  in  NF-kB  activity  in 
DIM-treated  CRL-2221  cells. 


To  investigate  the  molecular 
mechanisms  of  I3C  and  DIM  effects  on  NF-kB  inactivation,  anti-proliferation,  and  apoptosis,  we 
utilized  the  high-throughput  microarray,  which  can  monitor  the  expression  of  twenty  two 
thousands  of  genes  simultaneously  and  rapidly,  to  determine  the  alternation  of  gene  expression 
profiles  of  PC3  prostate  cancer  cells  exposed  to  I3C  and  DIM.  We  have  identified  the  genes  that 
are  involved  in  cell  cycle  arrest,  apoptosis,  transcription  factor  regulation,  and  other 
physiological  processes  induced  by  I3C  and  DIM  treatment.  We  submitted  a  manuscript 
including  these  results  to  “The  Journal  of  Nutrition”.  The  manuscript  was  accepted  for 
publication  after  we  got  the  notice  for  funding  from  DOD,  and  was  published  in  “The  Journal  of 
Nutrition”  (1)  after  the  date  the  funding  began.  Some  parts  of  the  results  were  also  presented  in 
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the  2003  AACR  Annual  Meeting  (2).  The  summary  of  our  results  in  the  form  of  an  abstract  of 
our  paper  is  presented  below.  Our  published  review  article  (3)  is  also  attached  to  provide 
comprehensive  results  that  we  have  obtained  thus  far,  and  therefore  considered  as  our  progress 
on  this  project. 

Abstract:  Studies  from  our  laboratory  and  others  have  shown  that  indole-3-carbinol  (I3C) 
and  its  in  vivo  dimeric  product  3,3’-diindolylmethane  (DIM)  inhibit  the  growth  of  PC3  prostate 
cancer  cells  and  induce  apoptosis  by  inhibiting  NF-kB  and  Akt  pathways.  In  order  to  obtain  a 
comprehensive  gene  expression  profiles  altered  by  I3C  and  DIM  treated  PC3  cells,  we  have 
utilized  cDNA  microarray  to  interrogate  22,215  known  genes  by  using  Affymetrix  Human 
Genome  U133A  Array.  We  found  a  total  of  738  genes  which  showed  >2  fold  change  after  24 
hours  of  DIM  treatment.  Among  these  genes,  677  genes  were  down-regulated  and  61  genes  were 
up-regulated.  Similarly,  727  genes  showed  >2  fold  changes  in  the  expression  with  down- 
regulation  of  685  genes  and  up-regulation  of  42  genes  in  I3C  treated  cells.  The  altered 
expressions  of  genes  were  observed  as  early  as  6  hours  and  were  more  evident  with  longer 
treatment.  Upon  cluster  analysis,  we  found  that  both  I3C  and  DIM  up-regulated  expression  of 
genes  that  are  related  to  the  Phase  I  and  Phase  II  enzymes,  suggesting  their  increased  capacity  for 
detoxification  of  carcinogens  or  chemicals.  We  also  found  that  I3C  and  DIM  down  regulated  the 
expression  of  genes,  which  are  critically  involved  in  the  regulation  of  cell  growth,  cell  cycle, 
apoptosis,  signal  transduction,  Pol  II  transcription  factor,  and  oncogenesis.  Real-time  RT-PCR 
analysis  was  conducted  to  confirm  the  data  of  cDNA  microarray,  and  the  results  were  consistent 
with  the  microarray  data.  From  these  results,  we  conclude  that  I3C  and  DIM  caused  changes  in 
the  expression  of  a  large  number  of  genes  that  are  related  to  the  control  of  carcinogenesis,  cell 
survival,  and  physiological  behaviors.  This  may  provide  molecular  mechanism(s)  by  which  I3C 
and  DIM  exert  their  pleiotropic  effects  on  PC3  prostate  cancer  cells  and  these  information  could 
be  further  exploited  for  devising  chemopreventive  and/or  therapeutic  strategies  for  prostate 
cancer. 

Conclusion:  The  task-1  has  been  fully  completed,  which  was  initiated  during  the  submission  and 
successful  funding  of  this  proposal. 

B.  Our  task-2  was  to  investigate  the  relationship  between  Akt  and  NF-kB,  and  the  effects  of 
I3C  and  DIM  on  Akt  and  NF-kB  pathways.  By  immunoprecipitation,  kinase  assay,  and  Western 
Blot  analysis,  we  have  found  that  I3C  inhibits  Akt  activity  in  PC3  prostate  cancer  cells.  These 
preliminary  data  was  included  in  our  proposal  at  the  time  of  submission.  By  Western  Blot 

analysis,  we  also  found  that  DIM  inhibited 
phosphorylation  of  Akt  (Figure  3). 

Figure  3:  Western  Blot  analysis  showing  that  DIM 
treatment  for  72  hours  significantly  inhibits  the 
phosphorylation  of  Akt  in  PC3  prostate  cancer  cells. 


To  investigate  the  relationship  between  Akt 
and  NF-kB,  we  have  conducted  transfection 
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experiments  with  Akt  (wild,  mutant,  or  constitutively  activated)  expression  vector  and  NF-kB- 
Luc  vector  that  contains  NF-kB  binding  and  reporter  sequences,  and  measured  the  activity  of 
luciferase  as  well  as  NF-kB  DNA  binding  activity  in  transfected  prostate  cancer  cells.  We  have 
also  detected  the  effects  of  DIM  on  Akt  and  NF-kB  in  transfected  and  un-transfected  prostate 
cancer  cells.  We  found  that  Akt  transfection  up-regulated  activity  of  NF-kB  as  demonstrated 
by  luciferase  assay  (Figure  4)  and  EMSA  (Figure  5).  We  also  found  that  DIM  inhibited  the 
activation  of  NF-kB  induced  by  Akt  transfection  (Figure  4  and  5),  suggesting  that  the  inhibition 
of  NF-kB  by  DIM  is  partly  mediated  by  Akt  pathway. 


Figure  4:  Luciferase  activity  in 
transfected  PC3  cells  with  or  without 
DIM  treatment.  (Non:  no 

transfection;  Akt:  transfected  with 
wild  Akt;  Mut-Akt:  transfected  with 
mutant  Akt;  Akt-Myr:  transfected 
with  constitutively  activated  Akt; 
Emp-v:  transfected  with  empty  vector; 
*:  p<0. 05;  n-2) 


Figure  5:  EMSA  and  densitometric 
analysis  of  NF-kB  DNA-binding 
activity  in  transfected  PC3  cells  with 
or  without  DIM  treatment.  (Non:  no 
transfection;  Akt-Myr:  transfected 
with  constitutively  activated  Akt; 
Emp-V:  transfected  with  empty 
vector;  *:  p<0.05;  n=2) 


Figure  6:  Induction  of  apoptosis  in 
DIM  treated  PC3  cells  tested  by 
ELISA.  (Non:  no  transfection;  Akt: 
transfected  with  wild  Akt;  Mut-Akt: 
transfected  with  mutant  Akt;  Akt-Myr: 
transfected  with  constitutively 
activated  Akt;  Emp-v:  transfected 
with  empty  vector;  *:  p<0.05;  n=2) 


We  have  also  investigated  the  pro-apoptotic  effect  of  DIM  in  PC3  prostate  cancer  cells 
and  Akt  transfected  PC3  cells.  We  found  that  DIM  induced  apoptosis  in  both  parental  and  Akt 
transfected  PC3  cancer  cells  (Figure  6).  However,  Akt  transfection  showed  inhibitory  effect  on 
the  apoptosis  induced  by  DIM,  suggesting  that  the  pro-apoptotic  effect  of  DIM  is  mediated  by 
Akt  and  NF-kB  pathways.  We  also  investigated  the  effect  of  DIM  on  the  expression  of  genes 
related  to  the  control  of  cell  growth  and  apoptosis.  The  results  of  our  study  have  been  submitted 
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to  the  journal  “Frontiers  in  Bioscience”  and  the  manuscript  has  been  accepted  for  publication 
(4).  The  summary  of  our  results  in  the  form  of  an  abstract  is  presented  below. 

Abstract:  Prostate  cancer  is  the  second  leading  cause  of  cancer  related  deaths  in  men  in 
the  United  States.  I3C  and  its  in  vivo  dimeric  product,  DIM,  have  been  found  to  inhibit  the 
growth  of  prostate  cancer  cells.  However,  the  molecular  mechanism(s)  by  which  DIM  elicits  its 
effects  on  prostate  cancer  cells  has  not  been  folly  elucidated.  We  have  previously  shown  that  I3C 
induces  apoptosis  and  inhibits  the  activation  of  NF-kB  pathway,  which  could  be  mediated  via 
Akt  signaling  pathway.  In  this  study,  we  investigated  whether  there  is  any  cross-talk  between 
Akt  and  NF-kB  during  DIM-induced  apoptosis  in  PC-3  prostate  cancer  cells.  We  found  that  DIM 
inhibited  cell  growth  and  induced  apoptosis  in  PC-3  prostate  cancer  cells  but  not  in  non- 
tumorigenic  CRL2221  human  prostate  epithelial  cells.  DIM  also  inhibited  EGFR  expression, 
PI3K  kinase  activity,  and  Akt  activation,  and  abrogated  the  EGF-induced  activation  of  PI3K  in 
prostate  cancer  cells.  NF-kB  DNA-binding  analysis  and  transfection  studies  with  Akt  cDNA 
constructs  revealed  that  Akt  transfection  resulted  in  the  induction  of  NF-kB  activity  and  this  was 
inhibited  by  DIM  treatment.  DIM  treatment  also  showed  significant  induction  of  apoptosis  in 
non-transfected  cells  compared  to  Akt  and  Akt-Myr  transfected  prostate  cancer  cells.  From  these 
results,  we  conclude  that  the  inhibition  of  Akt  and  NF-kB  activity  and  their  cross-talk  is  a  novel 
mechanism  by  which  DIM  inhibits  cell  growth  and  induces  apoptotic  processes  in  prostate 
cancer  cells  but  not  in  non-tumorigenic  prostate  epithelial  cells. 

Conclusion:  We  have  completed  majority  parts  of  task-2  and  plan  to  complete  this  task  in  the 
second  year. 

C.  Our  task-3  is  to  investigate  the  molecular  mechanisms  of  I3C  and  DIM  effects  on  NF-kB 
and  Akt  pathways  by  transfection  and  kinase  assays,  parts  of  which  have  been  completed  as 
stated  above.  We  have  now  started  to  conduct  the  transfection  experiments  with  IKK,  NIK,  MEK, 
MEKK  plasmids  to  establish  cause  and  effect  relationships  of  those  molecules  with  the  effect  of 
I3C/DIM  in  prostate  cancer  cells. 

Conclusion:  We  plan  to  complete  task-3  in  the  second  and  third  year. 

D.  Once  the  tasks  1-3  are  all  completed,  then  we  will  make  progress  on  task-4  to  complete 
all  experiments,  data  analysis  and  manuscript  writing  during  the  third  year  of  funding. 
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Key  Research  Accomplishments 


•  Detected  the  effect  of  I3C  and  DIM  on  NF-kB  DNA  binding  activity  in  prostate  cancer 
cells  and  non-tumorigenic  CRL-222 1  prostate  epithelial  cells  by  EMSA. 

•  Detected  the  apoptosis  induced  by  I3C  and  DIM  in  prostate  cancer  cells.  Measuring  the 
protein  level  of  genes  (Akt,  pAkt,  BcIxl,  p21WAF1,  EGFR,  etc)  related  to  the  control  of 
cell  growth  and  apoptosis  in  prostate  cancer  cells. 

•  Gene  expression  profiling  of  I3C  and  DIM  treated  prostate  cancer  cells  by  microarray 
analysis.  Cluster  analysis  of  the  expression  of  genes  related  to  NF-kB  inactivation,  cell 
cycle  arrest,  apoptosis,  transcript  regulation,  and  other  physiological  processes  in  prostate 
cancer  cells  exposed  to  I3C  and  DIM. 

•  Determined  the  effects  of  I3C  and  DIM  on  Akt  kinase  activity  in  PC3  prostate  cancer 
cells  and  non-tumorigenic  CRL-222 1  prostate  epithelial  cells  by  immunoprecipitation, 
kinase  assay,  and  Western  Blot  analysis. 

•  Detected  the  cross-talk  between  Akt  and  NF-kB  in  PC3  prostate  cancer  cells  by 
transfection,  luciferase  assay,  and  EMSA. 

•  Determined  the  effects  of  DIM  on  Akt  and  NF-kB  pathways  in  Akt  transfected  PC3 
prostate  cancer  cells  by  transfection,  luciferase  assay,  and  EMSA. 

•  Determined  the  effects  of  DIM  on  the  induction  of  apoptosis  in  Akt  transfected  PC3 
prostate  cancer  cells  by  transfection,  ELISA,  and  Western  Blot  analysis. 
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Reportable  Outcomes 


1 .  Li  Y,  Li  X,  Sarkar  FH.  Gene  expression  profiles  of  I3C  and  DIM  treated  PC3  human 
prostate  cancer  cells  by  cDN A  microarray  analysis .  J  Nutr.  133(4):101 1-1019,  2003 . 

2.  Li  Y,  Li  X,  Sarkar  FH.  Gene  expression  profiles  of  I3C  and  DIM  treated  PC3  human 
prostate  cancer  cells  by  cDNA  microarray  analysis.  Proc  Am  Assoc  Cancer  Res  44:1501 
abstr  6551,  2003. 

3.  Sarkar  FH,  Li  Y.  Significance  of  indole-3 -carbinol  and  its  metabolite  in  human  cancers. 
Evidence-Based  Integrative  Medicine  1 :33-4 1 ,  2003 . 

4.  Li  Y,  Chinni  SR,  Sarkar  FH.  Selective  growth  regulatory  and  pro-apoptotic  effects  of 
DIM  is  mediated  by  Akt  and  NF-kB  pathways  in  prostate  cancer  cells.  Frontiers  in 
Bioscience  (In  press) 
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Conclusions 


We  have  found  that  I3C  and  DIM  inhibit  NF-kB  DNA  binding  activity  in  prostate  cancer 
cells.  The  inhibition  of  NF-kB  by  I3C  and  DIM  is  partly  mediated  through  the  inactivation  of 
Akt.  I3C  and  DIM  inhibit  phosphorylation  of  Akt,  inactivate  NF-kB,  and  regulate  the  expression 
of  genes  related  to  the  control  of  cell  growth  and  apoptosis,  resulting  in  inhibition  of  cell  growth 
and  induction  of  apoptosis  in  prostate  cancer  cells.  However,  no  significant  such  effects  were 
observed  in  non-tumorigenic  CRL-2221  prostate  epithelial  cells,  suggesting  that  I3C  and  DIM 
may  be  potent  agents  for  the  prevention  and/or  treatment  of  prostate  cancer.  The  task-1  has  been 
fully  completed.  We  have  completed  certain  parts  of  task-2.  We  plan  to  complete  task-2  and 
begin  working  on  task-3  in  the  second  year.  We  plan  to  complete  task-3  and  task-4  in  the  third 
year  as  originally  planned. 
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Gene  Expression  Profiles  of  I3C-  and  DIM-Treated  PC3  Human  Prostate 
Cancer  Cells  Determined  by  cDNA  Microarray  Analysis1 

Yiwei  Li,  Xingli  Li  and  Fazlul  H.  Sarkar2 

Department  of  Pathology,  Karmanos  Cancer  Institute,  Wayne  State  University  School  of  Medicine, 
Detroit,  Ml  48201 


ABSTRACT  Studies  from  our  laboratory  and  others  have  shown  that  indole-3-carbinoi  (I3C)  and  its  in  vivo  dimeric 
product,  3,3'-diindolylmethane  (DIM),  inhibit  the  growth  of  PC3  prostate  cancer  cells  and  induce  apoptosis  by 
inhibiting  nuclear  factor  (NF)-kB  and  Akt  pathways.  To  obtain  comprehensive  gene  expression  profiles  altered  by 
I3C-  and  DIM-treated  PC3  cells,  we  utilized  cDNA  microarray  to  interrogate  the  expression  of  22,21 5  known  genes 
using  the  Affymetrix  Human  Genome  U133A  Array.  We  found  a  total  of  738  genes  that  showed  a  greater  than 
twofold  change  after  24  h  of  DIM  treatment.  Among  these  genes,  677  genes  were  down-regulated  and  61  were 
up-regulated.  Similarly,  727  genes  showed  a  greater  than  twofold  change  in  expression,  with  down-regulation  of 
685  genes  and  up-regulation  of  42  genes  in  l3C-treated  cells.  The  altered  expressions  of  genes  were  observed  as 
early  as  6  h  and  were  more  evident  with  longer  treatment.  Upon  cluster  analysis,  we  found  that  both  I3C  and  DIM 
up-regulated  the  expression  of  genes  that  are  related  to  the  Phase  I  and  Phase  II  enzymes,  suggesting  their 
increased  capacity  for  detoxification  of  carcinogens  or  chemicals.  We  also  found  that  I3C  and  DIM  down-regulated 
the  expression  of  genes  that  are  critically  involved  in  the  regulation  of  cell  growth,  cell  cycle,  apoptosis,  signal 
transduction,  Pol  II  transcription  factor  and  oncogenesis.  Real-time  reverse  transcription-polymerase  chain  reac¬ 
tion  analysis  was  conducted  to  confirm  the  cDNA  microarray  data,  and  the  results  were  consistent.  We  conclude 
that  I3C  and  DIM  affected  the  expression  of  a  large  number  of  genes  that  are  related  to  the  control  of  carcino¬ 
genesis,  cell  survival  and  physiologic  behaviors.  This  may  help  determine  the  molecular  mechanism(s)  by  which  I3C 
and  DIM  exert  their  pleiotropic  effects  on  PC3  prostate  cancer  cells;  in  addition,  this  information  could  be  further 
exploited  for  devising  chemopreventive  and/or  therapeutic  strategies  for  prostate  cancer.  J.  Nutr.  1 33: 1 01 1  -1 01 9, 
2003. 

KEY  WORDS:  •  indole-3-carbinol  •  3,3'-diindolylmethane  •  gene  expression  •  microarray 
•  prostate  cancer  cells. 

Epidemiologic  studies  have  shown  that  a  high  dietary  in¬ 
take  of  fruits  and  vegetables  protects  against  carcinogenesis  in 
many  tissues  (1,2).  Among  vegetables  with  anticarcinogenic 
properties,  the  cruciferous  vegetable  family  including  broccoli, 
cabbage,  brussels  sprouts  and  cauliflower  appears  to  be  most 
effective  at  reducing  the  risk  of  cancers  (3,4).  Indole-3 -carbi- 
nol  (I3C),3  a  common  phytochemical  in  the  human  diet,  is 
present  in  almost  all  members  of  the  cruciferous  vegetable 
family.  There  is  growing  evidence  showing  that  I3C  has  the 
potential  to  prevent  or  even  treat  a  number  of  common 
cancers,  especially  those  that  are  hormone-related  (5,6).  It  has 
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been  reported  that  a  diet  rich  in  cruciferous  vegetables  or 
supplements  of  I3C  caused  regression  of  tumors  or  decreased 
the  rate  of  growth  in  patients  with  recurrent  laryngeal  papil¬ 
lomatosis  (7,8).  The  in  vivo  and  in  vitro  studies  have  also 
demonstrated  that  I3C  possesses  anticarcinogenic  effects  in 
experimental  animals  and  inhibits  the  growth  of  human  can¬ 
cer  cells  (9,10).  Because  of  this  information,  interest  in  I3C  as 
a  cancer  chemopreventive  agent  has  increased  greatly  in  the 
last  few  years. 

I3C  is  chemically  unstable  in  acidic  environments  and  is 
rapidly  converted  in  the  stomach  to  a  variety  of  condensation 
products.  Among  them,  3,3'-diindolylmethane  (DIM)  is  a 
major  acid  condensation  product  of  I3C  in  vitro  and  in  vivo. 
Because  of  the  ready  conversion  of  I3C  to  DIM  and  other 
products  under  a  variety  of  biological  conditions,  the  biolog¬ 
ical  effects  of  I3C  may  be  attributable  to  both  I3C  and  DIM. 
Experimental  studies  have  revealed  that  DIM  exhibits  inhib¬ 
itory  effects  on  cancer  cells  by  inhibiting  cell  growth  and 
inducing  apoptosis  that  are  similar  to  the  effects  observed  with 
I3C  (11,12).  It  has  been  reported  that  DIM  exerts  its  chemo- 
protective  effects  in  estrogen-responsive  tissues,  and  DIM- 
induced  Gj  arrest  occurs  with  up-regulation  of  p2 1 WAF1/rcipl  in 
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breast  cancer  cells,  suggesting  its  inhibitory  effects  on  hor¬ 
mone-related  cancers  (11,13). 

Prostate  cancer  is  the  most  common  nonderma tological 
carcinoma  in  the  United  States  with  an  estimated  189,000 
new  cases  and  30,200  deaths  in  2002  (14).  Up  to  30%  of  men 
undergoing  radical  prostatectomy  will  relapse,  often  as  a  result 
of  micrometastatic  disease  present  at  the  time  of  surgery  (15). 
Thus,  there  is  a  tremendous  need  for  the  development  of 
mechanism-based  and  targeted  strategies  for  prevention  and 
treatment  of  prostate  cancer.  cDNA  microarray  analysis  allows 
us  to  examine  the  expression  of  tens  of  thousands  of  genes  that 
can  be  monitored  simultaneously  and  rapidly  and,  in  turn, 
provides  an  opportunity  to  determine  the  effects  of  anticancer 
agents  on  prostate  cancer  cells  (16).  The  gene  expression 
profiles  of  various  types  of  cancers  were  analyzed  using  cDNA 
microarray  (17,18).  The  alterations  of  gene  expression  profiles 
by  several  anticancer  agents  have  also  been  reported  (19,20). 
This  information  is  likely  to  contribute  to  devising  preventive 
and/or  therapeutic  strategies  more  accurately,  and  will  help  to 
determine  the  molecular  mechanism(s)  of  action  of  chemo- 
preventive  and/or  therapeutic  agents. 

Our  previous  studies  showed  that  I3C  inhibits  the  growth  of 
PC3  prostate  cancer  cells  and  induces  apoptosis  by  inhibiting 
the  nuclear  factor  (NF)-kB  and  Akt  signaling  pathways,  sug¬ 
gesting  that  13  C  may  serve  as  a  preventive  and/or  therapeutic 
agent  against  prostate  cancer  (21,22).  However,  little  is 
known  about  the  global  gene  expression  profiles  of  prostate 
cancer  cells  after  I3C  and  DIM  treatment;  the  precise  molec¬ 
ular  mechanism(s)  by  which  13C  and  DIM  exert  their  tumor 
suppressive  effects  on  prostate  cancer  is  also  unclear.  In  this 
study,  we  utilized  the  high  throughput  gene  chip,  which  con¬ 
tains  22,215  known  genes,  to  identify  changes  in  gene  expres¬ 
sion  in  PC3  prostate  cancer  cells  exposed  to  I3C  and  DIM. 

MATERIALS  AND  METHODS 

Cell  culture  and  growth  inhibition,  PC3  human  prostate  cancer 
cells  (ATCC,  Manassas,  VA)  were  cultured  in  RPMI-1640  media 
(Invitrogen,  Carlsbad,  CA)  supplemented  with  10%  fetal  bovine 
serum  and  1  %  penicillin  and  streptomycin  in  a  5%  C02  atmosphere 
at  37°C.  I3C  (Sigma,  St.  Louis,  MO)  or  DIM  (LKT,  St.  Paul, 
Minnesota)  was  dissolved  in  dimethyl  sulfoxide  (DMSO)  to  make  a 
100  or  50  mmol/L  stock  solution,  respectively.  For  growth  inhibition, 
PC3  cells  were  treated  with  30,  60  and  100  jumol/L  I3C  or  15, 30,  and 
60  fimol/L  DIM  for  1-3  d.  Control  PC3  cells  received  0.1%  DMSO 
for  the  same  time  periods.  The  cells  were  then  incubated  with  MTT 
(0.5  g/L,  Sigma,  St.  Louis,  MO)  at  37°C  for  4  h  and  with  DMSO  at 
room  temperature  for  1  h.  The  spectrophotometric  absorbance  of  the 
samples  was  measured  using  the  ULTRA  Multifunctional  Microplate 
Reader  (TECAN,  Durham,  NC)  at  495  nm.  The  experiment  was 
repeated  three  times  and  t  tests  were  performed  to  determine  whether 
cell  growth  was  inhibited  by  the  treatments. 

cDNA  microarray  analysis .  PC3  cells  were  treated  with  60 
jimol/L  I3C  or  40  /xmol/L  DIM  for  6,  24  and  48  h.  DIM  is  the  in  vivo 
dimeric  product  of  13 C.  The  doses  of  13 C  and  DIM  chosen  for 
microarray  experiment  were  close  to  the  50%  inhibitory  concentra¬ 
tion.  However,  the  biological  relevance  of  these  doses  in  relation  to 
prevention  or  therapy  has  not  been  fully  evaluated,  although  they 
may  have  therapeutic  application.  The  rationale  for  choosing  these 
time  points  was  to  capture  the  expression  profiles  of  early-response 
genes,  genes  that  may  be  involved  in  the  onset  of  growth  inhibition 
and  apoptotic  processes  and,  finally,  genes  that  may  act  as  performers 
for  the  induction  of  apoptosis.  Total  RNA  from  each  sample  was 
isolated  by  Trizol  (Invitrogen,  Carlsbad,  CA)  and  purified  using  the 
RNeasy  Mini  Kit  and  RNase-ffee  DNase  Set  (QIAGEN,  Valencia, 
CA)  according  to  the  manufacture’s  protocols.  cDNA  for  each  sam¬ 
ple  was  synthesized  using  a  Superscript  cDNA  Synthesis  Kit  (Invitro- 
gen)  and  a  T7-(dT)24  primer  instead  of  the  oligo(dT)  provided  in  the 
kit.  Then,  the  biotin-labeled  cRNA  was  transcribed  in  vitro  from 


cDNA  using  a  BioArray  HighYield  RNA  Transcript  Labeling  Kit 
(ENZO  Biochem,  New  York,  NY)  and  purified  using  the  RNeasy 
Mini  Kit.  The  purified  cRNA  was  fragmented  by  incubation  in 
fragmentation  buffer  (200  mmol/L  Tris-acetate  pH  8.1,  500  mmol/L 
potassium  acetate,  150  mmol/L  magnesium  acetate)  at  95 °C  for  35 
min  and  chilled  on  ice.  The  fragmented  labeled  cRNA  was  applied  to 
the  Human  Genome  U133A  Array  (Affymetrix,  Santa  Clara,  CA), 
which  contains  22,215  human  gene  cDNA  probes,  and  hybridized  to 
the  probes  in  the  array.  After  washing  and  staining,  the  arrays  were 
scanned  using  a  HP  Gene  Array  Scanner  (Hewlett-Packard,  Palo 
Alto,  CA).  Two  independent  experiments  were  performed  to  verify 
the  reproducibility  of  results. 

Microarray  data  normalization  and  analysis.  The  gene  expres¬ 
sion  levels  of  samples  were  normalized  and  analyzed  using  Microarray 
Suite,  MicroDB  and  Data  Mining  Tool  software  (Affymetrix).  The 
signal  value  of  the  experimental  array  was  multiplied  by  a  normal¬ 
ization  factor  to  make  its  mean  intensity  equivalent  to  the  mean 
intensity  of  the  control  array  using  Microarray  Suite  software  accord¬ 
ing  to  manufacturer’s  protocol.  The  absolute  call  (present,  marginal, 
absent)  and  average  difference  of  22,215  gene  expressions  in  a  sam¬ 
ple,  and  the  absolute  call  difference,  fold  change  and  average  differ¬ 
ence  of  gene  expressions  between  two  or  several  samples  were  iden¬ 
tified  using  the  above-mentioned  software.  Statistical  analysis  of  the 
difference  in  the  mean  expression  of  genes  that  indicated  a  greater 
than  twofold  change  was  performed  repeatedly  between  treated  and 
untreated  samples  using  t  tests.  Average- linkage  hierarchical  cluster¬ 
ing  of  the  data  was  applied  using  the  Cluster  (23)  and  the  results  were 
displayed  with  Tree  View  (23).  The  genes  showing  altered  expression 
were  also  categorized  on  the  basis  of  their  location,  cellular  compo¬ 
nent  and  reported  or  suggested  biochemical,  biological  and  molecular 
functions  using  Onto-Express  (24).  Genes  that  were  not  annotated  or 
not  easily  classified  were  excluded  from  the  functional  clustering 
analysis. 

Real-time  reverse  transcription-polymerase  chain  reaction  ( RT- 
PCR)  analysis.  The  total  RNA  prepared  for  microarray  analysis  was 
also  used  for  RT-PCR  analysis  of  selected  genes.  Total  RNA  (2  fig) 
from  each  sample  was  subjected  to  reverse  transcription  using  a 
Superscript  first  strand  cDNA  synthesis  kit  (Invitrogen)  according  to 
the  manufacturer’s  protocol.  Real-time  PCR  reactions  were  then 


FIGURE  1  Effects  of  various  doses  of  indole-3-carbinol  (I3C)  and 
3,3'-diindolylmethane  (DIM)  on  the  growth  of  PC3  cells  for  3  d.  Data  are 
means  ±  sem,  n  =  3.  *Different  from  solvent  control  (C),  P  <  0.05. 
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carried  out  in  a  25  juL  reaction  mixture  (2  jxL  of  cDNA,  12.5  /xL  of 
2X  SYBR  Green  PCR  Master  Mix,  1.5  /xL  of  5  /xmol/L  specific  gene 
primer  pair  and  9  fx L  of  HzO)  in  an  ABI  Prism  7700  Sequence 
Detection  System  (Applied  Biosystems,  Foster  City,  CA).  The  se- 
quences  of  primers  used  in  the  real-time  PCR  reaction  were  described 
previously  (25).  The  PCR  program  was  initiated  by  2  min  at  50°C 
and  10  min  at  95°C  before  40  thermal  cycles,  each  of  15  s  at  95°C  and 
1  min  at  60°C.  Data  were  analyzed  according  to  the  comparative 
cycle  threshold  (Ct)  method  and  were  normalized  by  actin  expression 
in  each  sample.  Melting  curves  for  each  PCR  reaction  were  generated 
to  ensure  the  purity  of  the  amplification  product. 


RESULTS 

Cell  growth  inhibition ♦  The  MTT  assay  showed  that  the 
treatment  of  PC3  prostate  cancer  cells  with  13  C  or  DIM 
resulted  in  dose-  and  time -dependent  inhibitions  of  cell  pro¬ 
liferation  (Fig.  1),  demonstrating  the  growth  inhibitory  effect 
of  these  compounds  on  PC3  cells.  These  results  are  consistent 
with  our  previously  published  results  (22). 

Regulation  of  mRNA  expression .  The  gene  expression 
profiles  of  PC3  cells  treated  with  I3C  or  DIM  were  assessed 


ISC  treatment 


FIGURE  2  Cluster  analysis  of 
genes  showing  alterations  in  mRNA 
expression  after  indole-3-carbinol  (I3C) 
and  3,3'-diindolylmethane  (DIM)  treat¬ 
ment  of  PC3  cells.  Cluster  1  and  clus¬ 
ter  1 8  included  the  genes  showing  typ¬ 
ical  gradual  decreases  and  increases 
in  expression,  respectively. 
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using  cDNA  microarray.  Two  independent  experiments 
showed  a  total  of  738  genes  showing  a  greater  than  twofold 
change  after  24  h  of  DIM  treatment.  Among  these,  677  genes 
were  down-regulated  and  61  were  up-regulated.  Similarly,  727 
genes  showed  a  greater  than  twofold  change  in  expression  with 
down-regulation  of  685  genes  and  up-regulation  of  42  genes  in 
DC-treated  cells.  Clustering  analysis  showed  18  different  types 
of  expression  alterations  in  DIM-  or  DC-treated  PC3  cells, 
respectively.  Cluster  1  and  cluster  18  included  the  genes 
showing  typical  gradual  decreases  and  increases  in  expression, 
respectively.  The  altered  expressions  of  genes  occurred  after 
only  6  h  of  DC  and  DIM  treatment,  and  were  more  evident 
with  longer  treatment  (Fig.  2). 

The  altered  genes  were  also  subjected  to  cluster  analysis 


according  to  location  and  cellular  components.  The  genes 
showing  altered  expression  were  located  primarily  on  chromo¬ 
somes  1,  2,  3,  6,  7  and  12,  and  were  responsible  mainly  for  the 
transcription  and  translation  of  components  of  the  nucleus 
and  integral  plasma  membrane  proteins.  After  clustering  based 
on  biological  function,  we  found  that  I3C  and  DIM  down- 
regulated  mainly  genes  that  are  involved  in  the  processes  of 
signal  transduction,  oncogenesis,  cell  proliferation,  antiapo¬ 
ptosis  and  transcription  regulation  from  Pol  II  promoter.  On 
the  other  hand,  DC  and  DIM  up-regulated  mainly  genes  that 
are  related  to  Phase  I  and  II  biotransformation,  signal  trans¬ 
duction,  induction  of  apoptosis,  inflammation  response  and 
prostaglandin  metabolism  (Tables  1,  2  and  3).  When  genes 
were  classified  by  molecular  function,  DC  and  DIM  treatment 


TABLE  1 


Classification  by  function  of  genes  with  altered  expression  in  PC3  cells  treated  with  60  pjvol/L  indole-3-carbinol  (I3C)  for  48  ft1 


Down-regulation 

Genes,  n 

Up-regulation 

Genes,  n 

Biological  processes 

Signal  transduction 

56 

Cell  cycle  checkpoint 

3 

Transcription  regulation  from  Pol  II  promoter 

18 

Developmental  processes 

3 

Cell  adhesion 

16 

Protein  phosphorylation 

2 

Cell  proliferation 

16 

Small  molecule  transport 

2 

Oncogenesis 

12 

Central  nervous  system  development 

2 

Cell  cycle  control 

11 

Signal  transduction 

2 

Protein  phosphorylation 

10 

Nonselective  vesicle  transport 

1 

Cell-cell  signaling 

8 

Skeletal  development 

1 

Protein  modification 

8 

Immune  response 

1 

RNA  processing 

8 

Cell  surface  receptor  linked  signal  transduction 

1 

Transcription  regulation 

6 

Cell  growth  and  maintenance 

1 

1 

DNA  replication 

5 

Stress  response 

Positive  control  of  cell  proliferation 

5 

Sodium  transport 

1 

Receptor  tyrosine  phosphatase  signaling 

5 

Cytostolic  calcium  ion  concentration  elevation 

1 

Transcription  from  Pol  II  promoter 

5 

G-protein  linked  receptor  protein  signaling 

1 

Drug  resistance 

4 

Repression  of  transcription  from  Pol  li  promoter 

1 

EGF  receptor  signaling  pathway 

4 

Induction  of  apoptosis 

1 

Translational  regulation,  initiation 

4 

Excretion 

1 

JNK  cascade 

4 

Apoptosis 

1 

Cell  motility 

3 

Spermatid  development 

1 

JAK-STAT  cascade 

2 

Male  meiosis 

1 

Antiapoptosis 

2 

Peripheral  nervous  system  development 

1 

Activation  of  JUN  kinase 

2 

Antimicrobial  humoral  response 

1 

TGFj3  receptor  signaling  pathway 

2 

Cysteine  metabolism 

1 

MAP3K  cascade 

1 

Brain  development 

1 

Molecular  functions 

Transcription  factor 

13 

Calcium  binding 

2 

DNA  binding 

12 

Serpin 

2 

Protein  serine/Threonine  kinase 

12 

Cytochrome  P450 

1 

Adenosinetriphosphatase 

9 

Tumor  suppressor 

1 

Transcription  co-activator 

9 

Serine  C-palmitoyltransferase 

1 

Protein  kinase 

9 

Receptor  signaling  protein 

1 

RNA  binding 

8 

Interleukin  receptor 

1 

RNA  polymerase  II  transcription  factor 

6 

Diamine  A/-acetyltransferase 

1 

Transcription  co-repressor 

5 

Receptor 

1 

Translation  factor 

5 

Ligand 

1 

Signal  transduction 

3 

G-protein  linked  receptor 

1 

Receptor  protein  tyrosine  phosphatase 

3 

Protein  binding 

1 

1 

Transcription  activating  factor 

3 

Transcription  co-repressor 

Apoptosis  inhibitor 

2 

Tryptophan  transporter 

1 

JAK  pathway  signal  transduction  adaptor 

2 

Purine  nucleotide  transporter 

1 

Epidermal  growth  factor  receptor 

2 

ATP-binding  cassette  (ABC)  transporter 

1 

MAP3K 

2 

ATP  binding 

1 

lnositol-1 ,4,5-triphosphate  receptor 

2 

Transporter 

1 

Type  II  TGF/3  receptor 

2 

Enzyme  inhibitor 

1 

Cytokine 

2 

Heat  shock  protein 

1 

Cell  cycle  regulator 

1 

Chaperone 

1 

Transcription  co-factor 

1 

Ligand-dependent  nuclear  receptor 

1 

1  Abbreviations  used:  EGF,  epidermal  growth  factor;  JNK,  c-Jun  N-terminal  protein  kinase;  MAPK,  mitogen-activated  protein  kinase;  TGF, 
transforming  growth  factor. 
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TABLE  2 


Classification  by  function  of  genes  with  altered  expression  in  PC3  cells  treated  with  40  jimol/L  3}3'-diindolylmethane  (DIM)  for  48  Z?1 


Down-regulation 

Genes,  n 

Up-regulation 

Genes,  n 

Biological  processes 

Signal  transduction 

42 

Inflammatory  response 

4 

Oncogenesis 

16 

Signal  transduction 

4 

Cell  proliferation 

16 

Prostaglandin  metabolism 

2 

Cell-cell  signaling 

15 

Cell  cycle  checkpoint 

2 

Cell  cycle  control 

13 

G-protein  linked  receptor  protein  signaling 

2 

Transcription  regulation  from  Pol  II  promoter 

11 

Protein  complex  assembly 

1 

Transcription  from  Pol  II  promoter 

11 

Immune  response 

1 

RNA  processing 

9 

Potassium  transport 

1 

Protein  phosphorylation 

9 

Defense  response 

1 

Cell  adhesion 

9 

Physiological  processes 

1 

Cell  motility 

9 

Response  to  pathogenic  fungi 

1 

Positive  control  of  cell  proliferation 

6 

Proteolysis  and  peptidolysis 

1 

DNA  replication 

5 

Complement  activation 

1 

RNA  splicing 

5 

Glucose  metabolism 

1 

Protein  complex  assembly 

5 

Developmental  processes 

1 

Pathogenesis 

5 

Stress  response 

1 

Cytostolic  calcium  ion  concentration 

5 

Homophllic  cell  adhesion 

1 

Antiapoptosis 

5 

Small  molecule  transport 

1 

Immune  response 

5 

Heavy  metal  response 

1 

Transcription  from  Pol  1  promoter 

3 

Proton  transport 

1 

JNK  cascade 

2 

Virulence 

1 

Transcription 

2 

Receptor  protein  tyrosine  kinase  signaling 

1 

Transcription  from  Pol  III  promoter 

2 

Phosphatidylinositol  bisphosphate  hydrolysis 

1 

EGF  receptor  signaling  pathway 

1 

Cytostolic  calcium  ion  concentration  elevation 

1 

Transcription  initiation  from  Pol  II  promoter 

1 

Circulation 

1 

Activation  of  MAPK 

1 

Cell  surface  receptor  linked  signal  transduction 

1 

Molecular  functions 

RNA  binding 

20 

Cytochrome  P450 

3 

Transcription  factor 

16 

Electron  transporter 

3 

DNA  binding 

15 

Protein  binding 

3 

Transcription  co-activator 

10 

Calcium  binding 

2 

RNA  polymerase  II  transcription  factor 

9 

Cystine/glutamate  antiporter 

1 

Protein  binding 

8 

Chaperone 

1 

Signal  transduction 

8 

lnterieukin-1  receptor 

1 

Protein  serine/Threonine  kinase 

8 

Calcium-activated  potassium  channel 

1 

Adenosinetriphosphatase 

7 

Prostaglandin-endoperoxide  synthase 

1 

Cytokine 

7 

GTP  binding 

1 

Transcription  activating  factor 

6 

Serine-type  peptidase 

1 

Heat  shock  protein 

6 

Complement  factor  D 

1 

Cell  cycle  regulator 

3 

Double-stranded  RNA  binding 

1 

Specific  RNA  pol  II  transcription  factor 

3 

Adenosine  deaminase 

1 

Apoptosis  inhibitor 

3 

RNA  binding 

1 

Transforming  growth  factor/3  receptor 

3 

Aldo-keto  reductase 

1 

General  RNA  pol  II  transcription  factor 

2 

Ph osph oenol  pyruvate  carboxykin ase 

1 

G-|/S-specific  cyclin 

2 

Tumor  suppressor 

1 

Tumor  antigen 

2 

Adenosinetriphosphatase 

1 

Receptor  protein  tyrosine  phosphatase 

2 

General  RNA  polymerase  il  transcription  factor 

1 

Cyclin 

2 

Bradykinin  receptor 

1 

Growth  factor 

1 

Chemokine  receptor 

1 

lnterleukin-8  receptor  ligand 

1 

Cytokine 

1 

MAP  kinase  kinase 

1 

Enzyme 

1 

1  See  Table  1  for  abbreviations. 


down-regulated  those  responsible  for  RNA  binding,  DNA 
binding,  transcription  factors,  transcription  coactivators  and 
protein  kinases  including  mitogen-activated  protein  kinase 
(MAPK),  MAP2kinase,  MAP3kinase,  c-Jun  N-terminal  pro¬ 
tein  kinase  and  up-regulated  tumor  suppressors,  transcription 
corepressors  and  cytochrome  P450  enzymes  (Tables  1-3).  How¬ 
ever,  I3C  and  DIM  also  showed  some  differential  effects  on 
gene  expression  profiles  (Table  3). 

Target  verification  by  RT-PCR,  To  verify  the  alterations 
of  gene  expression  at  the  mRNA  level,  which  appeared  on 
the  microarray,  we  chose  six  genes  [transforming  growth 


factor- /3  (TGF-/3)2,  p57KIP2,  cytochrome  b5,  eukaryotic 
protein  synthesis  initiation  factor  4,  thrombospondin  1  and 
neuropilin  1]  with  varying  expression  profiles  for  real-time 
RT-PCR  analysis.  The  results  of  real-time  RT-PCR  analysis 
for  these  selected  genes  were  consistent  with  the  microarray 
data  (Figs,  3  and  4).  Gene  expression  alterations  were 
similar  by  real-time  RT-PCR  analysis,  although  the  fold 
changes  in  the  expression  level  differed  somewhat  in  the 
two  analytical  methods.  These  results  support  the  findings 
obtained  from  microarray  experiments,  and  also  suggest  that 
I3C  and  DIM  regulate  the  transcription  of  genes  that  are 
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TABLE  3 


Fold  changes  of  specific  genes  in  PC3  cells  treated  with  60  \ixnoUL  indole-3-carbinol  (I3C) 
or  40  ixmolIL  3,3f-diindolylmethane  (DIM)  for  6,  24  or  48  /?i>1 2 3 


I3C 

DIM 

Gene  name 

6  h 

24  h 

48  h 

6  h 

24  h 

48  h 

Phase  1  and  II  enzymes 

NM  000499.2  Cytochrome  P450  (CYP1A1) 

1.4 

3.7 

5.2 

1.8 

2.2 

5.4 

M25813.1  Human  P450C2I  gene 

NC3 

NC 

NC 

NC 

NC 

3.5 

N21019  Cytochrome  P4so 

NC 

NC 

NC 

NC 

5.2 

3.5 

AU 154504  Cytochrome  P450 

NC 

NC 

NC 

NC 

2.3 

3.4 

AU 144855  Cytochrome  P450 

NC 

NC 

NC 

NC 

2.3 

3 

NM_000104.2  Cytochrome  P450  (CYP1B1) 

NC 

NC 

NC 

2 

1.9 

2.2 

AB01 8580.1  Aldo-keto  reductase 

NC 

NC 

3.6 

NC 

2.9 

9.2 

NM_005589  Methylmafonate-semialdehyde  dehydrogenase 

NC 

NC 

NC 

NC 

NC 

2.4 

AK000550.1  Phospholipase  A2  P 

NC 

NC 

NC 

NC 

5 

NC 

NM  000853.1  Glutathione  S-transferase  theta  1 

NC 

NC 

2.1 

NC 

NC 

2.1 

NM  019886.1  Carbohydrate  sulfotransferase  7 

NC 

NC 

NC 

1.7 

1.4 

2 

NM  012200.2  Glucuronosyltransferase  1 

NC 

NC 

NC 

12.6 

NC 

NC 

AB009598  Glucuronyltransferase  1 

NC 

NC 

NC 

2.3 

NC 

NC 

Cell  growth,  cell  cycle,  apoptosis 

K03193.1  Human  epidermal  growth  factor  receptor 

-1.4 

-2.6 

-4.3 

1 

-2.7 

-4.1 

BF061658  Transforming  growth  factor 

NC 

-1.8 

-4 

-1.2 

-5.1 

-6.4 

NMJ303238.1  Transforming  growth  factor 

NC 

-2 

-6.9 

-1.2 

-3.5 

-4.9 

NM  000358.1  Transforming  growth  factor 

-1 

-1.1 

-2.1 

-1 

-3.3 

-3.7 

Ml 91 54.1  Human  transforming  growth  factor-0-2 

NC 

-2 

-5.4 

-1 

-3 

-4.7 

NM  002006.1  Fibroblast  growth  factor  2 

NC 

-1.9 

-4.9 

NC 

-1.8 

-1.3 

AI434345  Activating  transcription  factor  1 

-1.2 

-1.4 

-3.8 

NC 

-1.8 

-2.2 

Z24725.1  Mitogen-inducible  gene  mig-2 

NC 

-1.4 

-2.2 

-1.1 

-2.4 

-2 

NM_004702.1  Cyclin  E2  (CCNE2) 

NC 

NC 

-1.7 

NC 

-2.3 

-4.3 

AF1 12857.1  Cyclin  E2  splice  variant  1 

NC 

NC 

-1.3 

-1 

-2.8 

-5.4 

NM  021960.1  Myeloid  cell  leukemia  sequence  (BCL2-related) 

-1.1 

NC 

-1.5 

-1 

-2.3 

-3.4 

NM_004049.1  BCL2-related  protein  A1  (BCL2A1) 

NC 

NC 

-1.4 

-1.2 

-2.1 

-3.5 

D64137  KIP2  Gene  for  Cdk-inhibitor  p57KIP2 

NC 

2.2 

4.3 

2.3 

4.5 

4.5 

NMJXJ0076.1  Cyclin-dependent  kinase  inhibitor  1C(p57Kip2) 

NC 

1.6 

1.1 

2.1 

3.4 

4.7 

NM_030579.1  Cytochrome  b5 

-1.4 

-1.4 

-6.9 

NC 

-1.6 

-1.9 

Cell  signal  transduction  pathways 

NM  003954.1  MAP  kinase  kinase  kinase  14 

-1.1 

-1.6 

-2.3 

-1.1 

-2.7 

-3.9 

NMJ502756.1  MAP  kinase  kinase  3  (MAP2K3) 

-1.2 

1.1 

-1.7 

NC 

-2.3 

-2.7 

NMJ302376.1  MAP  regulating  kinase  3  (MARK3) 

-1.3 

-1.7 

-3.3 

NC 

-2.2 

-3.1 

NMJD03010.1  MAP  kinase  kinase  4  (MAP2K4) 

-1.3 

-1.7 

-4.1 

-1.1 

-2 

-2.9 

NMJJ03618.1  MAP  kinase  kinase  kinase  kinase  3  (MAP4K3) 

-1.4 

-2 

-6.8 

NC 

-2 

-2.4 

NM  J50621 8.1  Phosphoinositide-3-kinase 

-1.4 

-1.2 

-2.1 

NC 

NC 

NC 

NM_002646.1  Phosphoinositide-3-kinase 

-3 

-1.4 

-2.4 

NC 

NC 

NC 

Transcription  factors,  oncogenesis,  angiogenesis,  other 
NM__007111.1  Transcription  factor  Dp-1  (TFDP1) 

-1.2 

-1.3 

-3.8 

NC 

-2.1 

-3.7 

U62296.1  Transcription  factor  NF-YC 

-1.2 

-1.5 

-3.4 

NC 

-2 

-2.1 

BE966878  Eukaryotic  protein  synthesis  initiation  factor  4 

NC 

NC 

NC 

-1.1 

-1.8 

-2.1 

NM_001 755.1  Core-binding  factor,  p  subunit  (CBFB) 

-1.2 

-1.6 

-2.9 

NC 

-2 

-2.1 

NM_006850.1  Suppression  of  tumorigenicity  16  (ST16) 

2.2 

3.6 

2.4 

1.2 

1.7 

2.4 

AI812030  Thrombospondin  1 

NC 

-1.9 

-4.7 

-1 

-3 

-4.3 

BE999967  Thrombospondin  1 

-1 

-1.4 

-3.9 

-1.2 

-3.3 

-5 

BE620457  Neuropilin  1 

-1.6 

-1.9 

-8.2 

NC 

NC 

NC 

M92934.1  Connective  tissue  growth  factor 

NC 

NC 

NC 

-1.9 

-14.7 

-19.8 

1  Positive  values  represent  increases,  negative  values  are  decreases. 

2  Abbreviations:  Cdk,  cyclin-dependent  kinase;  MAP,  mitogen-activated  protein;  NF,  nuclear  factor. 

3  No  change. 


involved  in  the  physiologic  processes  of  prostate  cancer 
cells. 

DISCUSSION 

Our  results  from  cDNA  microarray  provided  a  genome¬ 
wide  analysis  of  the  cellular  response  to  I3C  and  DIM  treat¬ 
ments.  Cellular  responses  to  any  antiproliferative  agents  in¬ 
volve  modulation  of  complex  pathways  that  ultimately 


determine  whether  a  cell  survives  or  dies.  Our  data  revealed 
that  the  alterations  of  biological  processes  and  molecular  func¬ 
tions  in  I3C-  and  DIM-treated  PC3  cells  are  complex  and  are 
likely  to  be  mediated  by  a  variety  of  regulatory  pathways.  First, 
we  found  that  I3C  and  DIM  regulated  the  expression  of  phase 
I  and  II  enzymes  in  PC3  prostate  cancer  cells,  suggesting  the 
anticarcinogenic  effects  of  I3C  and  DIM.  Carcinogenesis  is  a 
multistage  process,  and  there  is  great  opportunity  for  interven¬ 
tion  to  stop,  revert  or  delay  the  carcinogenic  process.  One 
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FIGURE  3  Real-time  reverse  transcription-polymerase  chain  re¬ 
action  (RT-PCR)  amplification  curves  showing  the  amplification  of 
transforming  growth  factor  (TGF)-/32  from  RNA  of  PC3  cells  treated  with 
60  ftmol/L  indole-3-carbinol  (I3C)  (upper  panel)  or  40  /xmol/L  3,3'- 
diindolylmethane  (DIM)  (middle  panel)  for  48h.  48h-1  and  48h-2  are 
duplicated  experiments  for  48h  treatment  sample.  Lower  panel :  the 
real-time  RT-PCR  melting  curve  showing  the  product  is  pure  (only  one 
peak). 


anticarcinogenic  action  is  the  modulation  of  metabolism  of 
carcinogens,  including  inhibition  of  procarcinogen  activation, 
induction  of  detoxification  and  blocking  of  reactive  metabo- 
lites  (3).  The  molecules  involved  in  this  modulation  are  phase 

I  and  phase  II  biotransformation  enzymes.  The  most  important 
phase  I  enzymes  are  the  cytochrome  P450  (CYP)  enzymes. 
These  enzymes  oxidize  carcinogens  and  make  them  more  hy- 
drophilic  as  well  as  susceptible  to  detoxification  (3,26).  Phase 

II  metabolism  comprises  detoxification  and  conjugation  reac¬ 
tions,  making  phase  I  metabolites  more  polar  and  readily 
excretable  (3,26).  We  found  that  I3C  and  DIM  up-regulated 
the  expression  of  the  phase  I  enzyme  CYPIA1  and  the  phase 
II  enzymes,  glutathione  S-transferase  theta  1  and  aldo-keto 
reductase,  in  PC3  prostate  cancer  cells,  suggesting  their  in¬ 


creased  capacity  for  detoxification  and  inhibition  of  carcino¬ 
gens.  It  has  been  reported  that  both  13  C  and  DIM  elevated  the 
activity  of  phase  I  and  phase  II  enzymes  in  rat  liver  (3). 
Therefore,  our  microarray  data  are  consistent  with  the  in  vivo 
experimental  reports  published  by  other  investigators  and  pro¬ 
vide  molecular  evidence  that  I3C  and  DIM  may  serve  as 
chemopreventive  agents  against  prostate  cancer  because  of 
their  ability  to  induce  phase  I  and  phase  II  enzymes. 

Because  DIM  is  one  of  the  major  in  vivo  dimeric  products 
of  I3C,  we  also  found  that  the  molecular  response  to  both  I3C 
and  DIM  in  PC3  prostate  cancer  cells  involved  mainly  inhi¬ 
bition  of  genes  that  are  related  to  cell  growth,  cell  cycle 
control,  apoptosis,  signal  transduction,  oncogenesis,  transcrip¬ 
tion  regulation  and  protein  phosphorylation  in  addition  to  the 
induction  of  phase  I  and  II  enzymes.  Epidermal  growth  factor 
receptor  (EGFR)  is  a  cell  membrane  protein  that  is  overex¬ 
pressed  in  many  cancers  that  have  a  poor  prognosis.  This  cell 
membrane  protein  has  been  considered  to  be  an  excellent 
target  for  antitumor  therapy  (27).  TGF-/3  and  fibroblast 
growth  factor  (FGF)  are  multifunctional  and  essential  to  the 
survival  of  cancer  cells.  They  play  important  roles  in  promot¬ 
ing  cell  growth  and  angiogenesis  (28,29).  We  observed  down- 
regulation  of  the  EGFR,  TGF/32  and  FGF  by  I3C  and  DIM 
treatment,  demonstrating  the  inhibitory  effects  of  13 C  and 
DIM  on  the  growth  of  PC3  prostate  cancer  cells.  Cyclin  E, 
activating  transcription  factor  (ATF)  and  mitogen-inducible 
gene  (MIG)  regulate  cell  cycle  progression,  and  BCL2  inhibits 
apoptotic  cell  death  (30-33).  The  overexpression  of  ATF  has 
also  been  observed  in  metastatic  cancer  cells  (34).  p57KIP2  is  a 
tumor  suppressor  that  inhibits  cyclin-dependent  kinase  and 
results  in  cell  cycle  arrest  (35).  Our  results  showed  that  I3C 
and  DIM  inhibited  the  expression  of  cyclin  E2,  ATF5,  MIG-2 
and  BCL2,  and  induced  the  expression  of  p57KIP2,  which  may 
lead  to  the  induction  of  cell  cycle  arrest  and  apoptosis.  Taken 
together,  I3C  and  DIM  appear  to  modulate  the  expression  of 
several  genes  that  may  contribute  to  the  observed  cell  growth 
inhibition  as  demonstrated  by  the  MTT  cell  growth  inhibition 
assay. 


FIGURE  4  Real-time  reverse  transcription-polymerase  chain  re¬ 
action  analysis  of  selected  genes  showing  alterations  in  mRNA  expres¬ 
sion  of  the  specific  genes  in  PC3  cells  treated  with  60  junol/L  indole- 
3-carbinol  (i3C)  or  40  /imol/L  3,3'-diindolyImethane  (DIM)  for  48  h 
compared  with  control  PC3  ceils.  C  represents  the  solvent  control; 
TGF,  transforming  growth  factor.  Data  are  means  ±  sem,  n  =  3;  calcu¬ 
lated  by  the  comparative  cycle  threshold  method. 
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Cell  signal  transduction  pathways  are  important  for  cell 
survival.  Recently,  the  MAPK  and  phosphatidylinositoh3- 
kinase  (PI3K)/Akt  pathways  have  received  much  attention  in 
cancer  research  and  are  believed  to  be  excellent  targets  for 
cancer  prevention  and  therapy.  The  MAPK  pathway  consists 
of  a  three-tiered  kinase  core  in  which  a  MAP3K  activates  a 
MAP2K  that  activates  a  MAPK,  resulting  in  the  activation  of 
NF-kB,  cell  growth  and  cell  survival  (36,37).  We  observed 
down-regulation  in  the  expression  of  MAP2K3,  MAP2K4, 
MAP4K3,  and  MARK3  by  I3C  and  DIM  treatments,  suggest¬ 
ing  that  I3C  and  DIM  have  inhibitory  effects  on  the  MAPK 
pathway,  resulting  in  the  abrogation  of  cancer  cell  survival. 
PI3K/Akt  pathway  is  another  important  signal  transduction 
pathway  and  plays  a  critical  role  in  controlling  cell  survival 
and  apoptosis  (38).  From  the  gene  expression  profiles  of  PC3 
cells  exposed  to  I3C,  we  found  down-regulation  of  PI3K  ex¬ 
pression,  suggesting  that  I3C  could  induce  apoptosis  and  in¬ 
hibit  cancer  cell  survival  by  altering  the  PI3K/Akt  pathway. 
These  findings  from  cDNA  microarray  gene  analysis  are  con¬ 
sistent  with  our  previous  report  showing  that  I3C  inhibits 
cancer  cell  growth  and  induces  apoptosis  by  inhibiting  the 
NF-kB  and  Akt  signal  pathways  (21,22). 

Several  Pol  II  transcription  factors,  including  transcription 
factor  Dp-1  (TFDP)  and  NF-YC,  play  important  roles  in  cell 
transcription  (39,40).  TFDP1  overexpression  leads  to  up-reg¬ 
ulation  of  cyclin  E,  which  encodes  a  positive  regulator  for  cell 
cycle  GJS  transition  (39).  The  overexpression  of  these  tran¬ 
scription  factors  has  also  been  related  to  oncogenesis.  In  ad¬ 
dition,  core  binding  factor  j3  (CBF/3)  and  suppressor  of  tumor- 
igenicity  16  (ST16)  are  also  involved  in  oncogenesis.  CBF/3 
forms  a  fusion  protein  with  other  gene  products  and  promotes 
oncogenesis  (41),  whereas  ST16  suppresses  oncogenesis  (42). 
Our  results  showed  that  I3C  and  DIM  down-regulated  the 
expression  of  TFDP1,  NF-YC,  DKC1,  cyclin  E  and  CBFB,  and 
up-regulated  ST16  expression,  suggesting  that  I3C  and  DIM 
can  inhibit  transcription  and  oncogenesis,  and  could  also 
induce  Gx  arrest,  as  demonstrated  by  our  previous  study  (22). 

It  is  important  to  note,  however,  that  I3C  and  DIM  also 
had  some  differential  effects  on  the  gene  expression  profile, 
which  is  perhaps  expected.  We  observed  that  DIM  but  not  I3C 
induced  the  expression  of  other  phase  II  enzymes  including 
methylmalonate-semialdehyde  dehydrogenase,  phospholipase 
A2,  carbohydrate  sulfotransferase  7  and  glucuronosyltrans- 
ferase  I,  suggesting  that  DIM  may  have  a  more  inhibitory  effect 
on  oncogenesis  than  I3C. 

In  summary,  the  goal  of  the  present  study  was  to  analyze  the 
gene  expression  profiles  of  PC3  prostate  cancer  cells  after 
exposing  them  to  I3C  and  DIM.  Both  I3C  and  DIM  changed 
the  expression  of  a  large  number  of  genes  that  are  related  to 
the  control  of  carcinogenesis,  cell  survival  and  physiologic 
behaviors.  This  may  help  determine  the  molecular  mecha¬ 
nism^)  by  which  I3C  and  DIM  exert  their  pleiotropic  effects 
on  PC3  prostate  cancer  cells;  such  information  could  be  fur¬ 
ther  exploited  for  devising  chemopreventive  and/or  therapeu¬ 
tic  strategies  for  prostate  cancer. 
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#6551  j3enc  expression  profiles  of  I3C  and  DIM  treated  PC3  prostate  can¬ 
cer  celGby  cDNA  microarray  analysis*  Yiwei  Li,  Xingli  Li,  and  Fazlul  H.  Sarkar. 
Wayne  State  University  School  of  Medicine,  Detroit,  ML 
Studies  from  our  laboratory  and  others  have  shown  that  Indole-3-carbinol  (I3C) 
and  its  in  vivo  dimeric  product  3,3-diindoIylmethane  (DIM)  inhibit  the  growth  of 
PC3  prostate  cancer  cells  and  induce  apoptosis  by  inhibiting  NF-kB  and  Akt 
pathways.  In  order  to  obtain  a  comprehensive  gene  expression  profiles  altered  by 
13 C  and  DIM  treatment  of  PC3  cells,  we  have  utilized  cDNA  microarray  to  inter¬ 
rogate  22,215  known  genes  by  using  Asymetrix  Human  Genome  U133A  Array. 
The  total  RNA  from  PC3  cells  untreated  and  treated  with  60/xM  I3C  or  40pM 
DIM  for  6  to  48  hours  was  subjected  to  micro  array  analysis  and  the  data  were 
analyzed  using  Microarray  Suite  and  Data  Mining,  Cluster  and  TreeView,  and 
Onto-express  software.  We  found  a  total  of  738  genes  which  showed  >2  fold 
change  after  24  hours  of  DIM  treatment.  Among  these  genes,  677  genes  were  down 
regulated  and  61  genes  were  up-regulated.  Similarly,  727  genes  showed  >2  fold 
change  in  the  expression  with  down-regulation  of  685  genes  and  up-regulation  of 
42  genes  in  I3C  treated  cells.  The  altered  expressions  of  genes  were  observed  as  early 
as  6  hours  and  were  significantly  more  evident  with  longer  treatment.  Upon  cluster 
Analysis,  we  found  that  both  I3C  and  DIM  up-regulated  expression  of  genes  that  are 
related  to  the  Phase  I  and  Phase  II  enzymes  (p4501Al,  GSTT1,  etc),  suggesting 
their  increased  capacity  for  detoxification  of  carcinogens  or  chemicals.  We  also 
found  that  I3C  and  DIM  down  regulated  the  expression  of  genes,  which  are  criti¬ 
cally  involved  in  the  regulation  of  cell  growth  (EGFR,  TGFJ32,  IGFBP4,  FGF,  etc), 
cell  cycle  (cydin  E2,  ATF5,  Mig-2,  etc),  apoptosis  (BCL2A1,  etc),  signal  transduc¬ 
tion  (PI3K,  MAPK,  MAP2K3,  MAP2K4,  MAP4K3,  etc),  Pol  II  transcription 
factor  (TFDP1,  NF-YC,  DKC1,  etc),  and  oncogenesis  (CBFB,  ST16,  etc).  How¬ 
ever,  I3C  and  DIM  also  showed  some  differential  effect  on  gene  expression  profile, 
which  will  be  the  subject  of  further  study  in  our  laboratory.  In  order  to  confirm  our 
micro  array  data,  we  have  also  conducted  Real-time  RT-PCR  analysis  of  selected 
genes.  The  results  of  Real-time  RT-PCR  and  cDNA  microarray  data  showed  high¬ 
est  concordance.  From  these  results,  we  conclude  that  I3C  and  DIM  caused  changes 
in  the  expression  of  a  large  number  of  genes  that  are  related  to  the  control  of 
carcinogenesis,  cell  survival,  and  physiological  behaviors.  This  may  provide  molec¬ 
ular  mechanism(s)  by  which  I3C  and  DIM  exert  their  pleiotropic  effects  on  PC3 
prostate  cancer  cells  and  these  information  could  be  further  exploited  for  devising 
chemopreventive  and/or  therapeutic  strategies  for  prostate  cancer. 
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Significance  of  indole-3-carbinol  and  its 
metabolite  in  human  cancers 

Fazlul  H  Sarkar  andYiwei  Li 

Department  of  Pathology,  Karmanos  Cancer  Institute, Wayne  State  University  School  of  Medicine,  Detroit,  Ml,  USA 


Abstract:  Epidemiological  studies  have  demonstrated  that  a  significant  difference  exists  in  the  incidence  of  cancer  among  different 
ethnic  groups.  This  difference  is  known  to  be  partly  attributed  to  dietary  factors.  Indole-3 -carbinol  (I3C)  and  its  in  vivo  dimeric 
product  3,3'-diindolylmethane  (DIM)  are  produced  from  naturally  occurring  glucosinolates  in  the  family  Cruciferae.  They  have 
received  much  attention  as  dietary  components  that  have  an  inhibitory  affect  on  cancer.  13 C  and  DIM  up-regulate  the  expression 
of  phase  I  and  phase  II  enzymes,  suggesting  an  increased  role  in  the  detoxification  and  inhibition  of  carcinogens.  They  also  inhibit 
the  growth  of  cancer  cells  through  the  modulation  of  genes  that  are  related  to  the  control  of  cell  proliferation,  cell  cycle,  apoptosis, 
signal  transduction,  oncogenesis,  transcription  regulation  and  protein  phosphorylation.  Moreover,  I3C  and  DIM  inactivate  NF-kB, 
Akt  and  MAPK  signalling  pathways,  all  of  which  are  believed  to  be  potential  targets  in  cancer  prevention  and  therapy.  Collectively, 
several  studies  have  provided  evidence  for  pre-clinical  and  clinical  activities  of  I3C  and  DIM  against  some  cancers.  Hence,  significant 
advances  have  been  made  to  date  that  show  I3C  and  DIM  as  promising  agents  for  cancer  chemoprevention  and/or  treatment.  This 
review  summarises  the  well  accepted  inhibitory  effects  of  I3C  and  DIM  on  cancer  cells  and  provides  a  comprehensive  view  on  their 
molecular  mechanism(s)  of  cancer  chemoprevention. 

Keywords:  I3C,  DIM,  cancer,  prevention,  treatment 


Introduction 

Epidemiological  studies  have  demonstrated  that  a 
significant  difference  exists  in  the  incidence  of  cancer 
among  different  ethnic  groups.  This  difference  is  known 
to  be  partly  attributed  to  dietary  factors.  Studies  from  in 
vitro  and  in  vivo  experiments  have  shown  that  dietary 
factors  regulate  the  processes  of  carcinogenesis,  including 
the  initiation,  promotion  and  progression  of  human  cancers 
(Meyskens  1992;  Yang  et  al  2001).  It  has  been  reported 
that  certain  components  of  plant  foods,  such  as  fiber, 
isoflavone  and  hydrolysis  products  of  glucosinolates, 
may  be  protective  against  cancers  (Adlercreutz  et  al 
1995;  Steinmetz  and  Potter  1996;  Verhoeven  et  al  1997). 
Indole-3-carbinol  (I3C)  is  produced  from  naturally 
occurring  glucosinolates,  contained  in  a  wide  variety  of 
plants  including  members  of  the  family  Cruciferae  and, 
in  particular,  members  of  the  genus  Brassica  (Broadbent 
TA  and  Broadbent  HS  1998).  I3C  is  biologically  active, 
and  is  easily  converted  in  vivo  to  its  dimeric  product  3,3  - 
diindolylmethane  (DIM),  which  is  also  biologically  active. 
Over  one  hundred  glucosinolates  have  been  identified, 
predominantly  in  vegetables  of  the  family  Cruciferae 
(Verhoeven  et  al  1997;  Johnson  2002).  In  this  family, 


vegetables  of  the  genus  Brassica  contribute  most  to  our 
intake  of  glucosinolates,  and  include  all  kinds  of  cabbages, 
broccoli,  cauliflower  and  Brussels  sprouts. 

All  glucosinolates  share  a  common  basic  skeleton 
containing  a  glucose  group,  a  side  chain  and  a  sulphonated 
oxime  moiety,  but  differ  in  side  chain  R  (Figure  1). 
Glucosinolate  hydrolysis  products  make  a  significant 
contribution  to  the  health  benefit  of  brassicaceous 
vegetables  (Tawfiq  et  al  1995;  Johnson  2002).  The 
enzyme  myrosinase,  which  is  found  in  plant  cells  and  also 
in  certain  intestinal  microflora,  catalyses  the  hydrolysis 
of  glucosinolates  (Verkerk  et  al  1997;  Johnson  2002). 
The  glucosinolate  hydrolysis  products  include  equimolar 
amounts  of  aglucon,  glucose  and  sulphate.  The  aglucones 
are  unstable  and  undergo  further  reactions.  The  nature 
of  aglucones  depends  primarily  on  the  side  chain  of  the 
glucosinolate  (Tawfiq  et  al  1995;  Verhoeven  et  al  1997). 
Glucosinolates  with  an  indole  side  chain  form  indoles.  The 
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most  prevalent  glucosinolate  with  an  indole  side  chain  is 
glucobrassicin,  which  is  predominant  in  brassicaceous 
vegetables.  When  hydrolysis  occurs,  glucobrassicin 
forms  an  unstable  isothiocyanate,  which  degrades  to  I3C 
(Verhoeven  et  al  1997;  Broadbent  TA  and  Broadbent  HS 
1998).  I3C  is  the  immediate  precursor  of  DIM.  Under 
the  acidic  conditions  of  the  stomach,  I3C  undergoes 
extensive  and  rapid  self-condensation  reactions  to  form 
several  derivatives  (Dashwood  et  al  1994;  Verhoeven  et 
al  1997).  DIM  is  the  major  derivative  and  condensation 
product  of  I3C  (Figure  1),  and  its  formation  from  I3C  has 
been  believed  to  be  a  likely  prerequisite  for  DC-induced 
anticarcinogenesis  (Dashwood  et  al  1994). 

It  has  been  reported  that  I3C  and  DIM  possess 
anticarcinogenic  effects  in  experimental  animals  and 
inhibit  the  growth  of  human  cancer  cells  (He  et  al  1997; 
Oganesian  et  al  1997;  Cover  et  al  1998;  Katdare  et  al  1998; 
Jin  et  al  1999;  Chen  DZ  et  al  2001 ;  Murillo  and  Mehta  2001 ; 
Hong,  Firestone  et  al  2002;  Hong,  Kim  et  al  2002).  I3C  has 
also  been  found  to  sensitise  multi  drug  resistance  (MDR) 
tumours  to  chemotherapeutic  drugs  without  eliciting 
direct  toxicity  to  the  host  (Christensen  and  LeBlanc 
1996).  Moreover,  I3C  may  inhibit  breast  cancer  invasion 
and  migration  (Meng,  Goldberg  et  al  2000;  Meng,  Qi  et 
al  2000).  Because  of  these  pleiotropic  effects,  the  interest 
in  I3C  and  DIM  as  cancer  chemopreventive  agents  has 


increased  significantly  in  the  past  years.  Although  dietary, 
epidemiological  and  experimental  studies  have  shown  the 
benefits  of  I3C  and  DIM  in  the  prevention  and  inhibition 
of  cancer,  the  molecular  mechanism(s)  by  which  13 C  and 
DIM  exert  their  tumour-suppressive  effects  on  cancers 
have  not  been  fully  elucidated.  This  review  summarises 
the  well  accepted  inhibitory  effects  of  I3C  and  DIM  on 
cancer  cells,  and  provides  a  comprehensive  view  on  the 
molecular  mechanism(s)  of  cancer  chemopreventive  and 
therapeutic  effects  of  I3C  and  DIM. 

Inhibition  of  oncogenesis 

Oncogenesis  is  a  multistep  process,  and  there  is  a  great 
opportunity  for  intervention  to  stop,  revert  or  delay  the 
oncogenic  process.  One  anti-oncogenic  action  is  the 
modulation  of  carcinogen  metabolism,  including  inhibition 
of  procarcinogen  activation,  induction  of  detoxification 
and  blocking  of  reactive  metabolites  (Verhoeven  et  al 
1997;  van  Iersel  et  al  1999).  The  molecules  involved  in 
this  modulation  are  phase  I  and  phase  II  biotransformation 
enzymes.  I3C  has  been  shown  to  inhibit  chemically  induced 
tumourigenesis  of  the  liver,  mammary  gland,  colon  and 
other  tissues,  and  suppress  spontaneous  carcinogenesis  in 
mammary  gland  and  endometrium  (Bradlow  et  al  1991; 
Kojima  et  al  1994;  Verhoeven  et  al  1997).  It  has  been 
reported  that  treatment  of  rat  with  I3C  increases  CYP1  Al, 
1A2,  2B  and  3A  activity  in  rat  liver  (Stresser  et  al  1994; 
Manson  et  al  1998).  I3C  also  up-regulates  the  level  and 
activity  of  glutathione  S -transferases  (GST)  (Bradfield 
and  Bjeldanes  1984;  Manson  et  al  1998).  Therefore,  the 
anti-oncogenic  activity  of  I3C  administered  before  or 
concurrently  with  a  carcinogen  is  thought  to  be  mediated 
through  alternations  in  the  levels  and  activities  of  phase 
I  (eg  p450  or  CYP)  and  phase  II  (eg  GST)  isozymes  in 
the  liver  and/or  extrahepatic  tissues,  resulting  in  their 
increased  capacity  for  detoxification  of  carcinogens. 

The  authors  utilised  cDNA  microarray  technique  to 
determine  the  alternation  of  gene  expression  profiles  of 
PC3  prostate  cancer  cells  exposed  to  I3C  and  DIM.  From 
microarray  analysis,  both  I3C  and  DIM  up-regulated  the 
expression  of  phase  I  and  II  enzymes  in  PC3  prostate  cancer 
cells  (Li  et  al  2003).  The  most  important  phase  I  enzymes 
are  cytochrome  p450  enzymes,  which  oxidise  carcinogens 
and  make  them  more  hydrophilic  and  susceptible  to 
detoxification.  Phase  II  metabolism  comprises  detoxification 
and  conjugation  reactions,  making  phase  I  metabolites  more 
polar  and  readily  excretable.  I3C  and  DIM  up-regulated 
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the  expression  of  phase  I  enzyme  cytochrome  p450  1A1 
(CYP1A1),  phase  II  enzymes  glutathione  S-transferase 
theta  1  (GSTT1)  and  aldo-keto  reductase  (AKR)  in  PC3 
prostate  cancer  cells,  suggesting  their  increased  capacity  for 
detoxification  and  inhibition  of  carcinogens  (Li  et  al  2003). 
These  results  are  consistent  with  the  experimental  reports 
published  by  other  investigators  (Bradfield  and  Bjeldanes 
1984;  Vang  et  al  1990;  Wortelboer  et  al  1992;  Takahashi  et 
al  1995;  Lake  et  al  1998;  Manson  et  al  1998;  Katchamart 
and  Williams  2001 ;  Nho  and  Jeffery  2001 ;  Horn  et  al  2002). 
They  provide  molecular  evidence  demonstrating  that  I3C 
and  DIM  may  serve  as  a  chemopreventive  agent  against 
prostate  and  other  human  cancers  because  of  their  ability 
to  induce  phase  I  and  phase  II  enzymes. 

From  the  cDNA  microarray  analysis,  it  was  also  found 
that  DIM,  but  not  I3C,  induced  the  expression  of  other 
phase  II  enzymes,  including  methylmalonate-semialdehyde 
dehydrogenase,  phospholipase  A2,  carbohydrate 
sulfotransferase  7  and  glucuronosyltransferase  I, 
indicating  that  DIM  may  have  more  of  an  inhibitory  effect 
on  oncogenesis  compared  to  I3C  (Li  et  al  2003).  These 
results  are  very  interesting  and  require  further  in-depth 
investigation  (currently  in  progress). 

It  has  been  well  known  that  oestrogen  and  androgen 
elicit  their  oncogenic  actions  in  hormone-related  cancers, 
such  as  breast,  cervical,  endometrium  and  prostate  cancers. 
I3C  has  been  shown  to  suppress  tumourigenesis  of 
oestrogen-responsive  tissues  (Bradlow  et  al  1991;  Kojima 
et  al  1994).  Clinical  trials  also  show  that  I3C  at  a  minimum 
effective  dose  schedule  is  a  promising  chemopreventive 
agent  for  breast  cancer  prevention  (Wong  et  al  1997). 
Studies  from  several  laboratories  have  shown  that  I3C 
is  a  negative  regulator  of  the  oestrogen  receptor  (OR) 
signalling  pathway  (Riby  et  al  2000;  Aubom  et  al  2003). 
By  competitive  binding  to  OR,  I3C  was  found  to  inhibit  the 
expression  of  genes  driven  by  OR,  resulting  in  cell  growth 
inhibition  and  apoptosis.  In  addition,  I3C  has  been  shown 
to  induce  oestradiol  metabolism  through  the  induction  of 
cytochrome  p450  (CYP),  resulting  in  a  decrease  in  active 
oestrogen  (Horn  et  al  2002).  Clinical  trials  also  show  that 
13  C  could  be  useful  to  increase  the  2-OH-oestrone:oestriol 
metabolite  ratio  without  detectable  side  effects  in  women 
(Bradlow  et  al  1994).  Moreover,  DIM  binds  to  AhR  (aryl 
hydrocarbon  receptor),  functions  as  an  AhR  agonist  and 
down-regulates  oestrogen-induced  genes  by  blocking  the 
crosstalk  between  AhR  and  OR  (Chen  I  et  al  1 996;  Chen  et 
al  1998;  Chen  I  et  al  2001).  A  recent  study  shows  that  DIM 


is  a  strong  androgen  antagonist  that  blocks  expression  of 
androgen-responsive  genes  and  inhibits  androgen  receptor 
nuclear  translocation.  This  results  in  the  inhibition  of  cell 
proliferation  and  DNA  synthesis  in  LNCaP  prostate  cancer 
cells  (Le  et  al  2003).  These  results  demonstrate  that  I3C 
and  DIM  also  exert  their  anti-oncogenic  effects  through 
modulation  of  OR,  AR  and  AhR  signalling  pathways. 
However,  it  is  important  to  note  that  13 C  and  DIM  show 
inhibitory  effects  on  both  hormone-related  and  unrelated 
cancers,  suggesting  the  comprehensive  molecular 
mechanisms  of  their  actions.  Hence,  the  focus  of  this 
review  is  primarily  based  on  recent  molecular  knowledge 
that  may  be  applicable  to  cancer  cells  irrespective  of  their 
status  of  OR,  AR,  AhR  or  cytochrome  p450. 

Inhibition  of  cancer  cell  growth  and 
induction  of  cell  cycle  arrest 

It  has  been  shown  that  I3C  and  DIM  inhibit  the  growth  of 
cancer  cells  including  breast,  prostate,  colon  and  cervical 
cancer  cells  (Jin  et  al  1999;  Bonnesen  et  al  2001 ;  Chen  DZ 
et  al  2001;  Hong,  Firestone  et  al  2002;  Hong,  Kim  et  al 
2002;  Frydoonfar  et  al  2003;  Kim  et  al  2003;  Nachshon- 
Kedmi  et  al  2003).  The  authors  have  experimentally 
studied  the  effects  of  I3C  and  DIM  on  the  growth  of 
various  cancer  cells,  including  PC3  prostate  cancer  cells, 
MDA-MB-231,  MDA-MB-435,  and  MCFlOCAla  breast 
cancer  cells  (Rahman  et  al  2000;  Chinni  et  al  2001;  Li  et 
al  2003;  Rahman  et  al  2003).  The  growth  of  these  cancer 
cells  was  inhibited  by  treatment  with  30-100  \xM  I3C  or 
20-60  \iM  DIM  for  a  period  of 24-72  hours.  The  inhibition 
of  cell  growth  was  found  to  be  dose-  and  time-  dependent. 
These  effects  of  I3C  and  DIM  clearly  indicate  that  they 
could  be  very  useful  for  inhibiting  the  cell  growth  of 
various  cancer  cells. 

The  growth  inhibition  of  cancer  cells  could  be  due  to 
cell-cycle  arrest,  which  ultimately  results  in  ceasing  cell 
proliferation.  It  has  been  reported  that  I3C  can  induce  a  G1 
cell  cycle  arrest  in  breast  cancer  cells  (Cover  et  al  1998; 
Hong,  Kim  et  al  2002).  Data  also  showed  that  I3C  induced 
a  G1  cell  cycle  arrest  in  PC3  prostate  cancer  cells  (Chinni 
et  al  2001).  The  induction  of  cell  cycle  arrest  in  breast  and 
prostate  cancer  cells  by  I3C  could  be  mediated  through  the 
regulation  of  expression  of  genes  involved  in  the  control 
of  the  cell  cycle. 

The  progression  of  the  cell  cycle  is  known  to  be  tightly 
regulated  by  different  cyclins,  cyclin-dependent  kinases 
(CDKs)  and  cyclin-dependent  kinase  inhibitors  (CDKIs) 
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in  different  phases  of  the  cell  cycle.  The  data  showed  a 
dose-  and  time-dependent  decrease  in  the  expression  of 
CDK6  in  DC-treated  PC3  prostate  cancer  cells  (Chinni  et 
al  2001).  Moreover,  DC  inhibited  the  CDK6  kinase  activity, 
which  plays  important  roles  in  the  regulation  of  G1  phase 
progression  (Chinni  et  al  2001).  Other  studies  have  also 
reported  that  DC  inhibited  the  expression  of  CDK6  in  breast 
cancer  cells  (Cover  et  al  1998;  Cram  et  al  2001).  Cyclins/ 
CDKs  complex  is  needed  for  cells  passing  through  the  cell 
cycle;  however,  the  activity  of  cyclins/CDKs  complex  is 
negatively  regulated  by  several  CDK  inhibitors  (CDKIs) 
including  p21 WAF1,  p27K1P1  and  pi 6.  The  authors  examined 
whether  I3C  could  alter  the  expression  of  p21WAF1  and 
p27KIP1  in  PC3  prostate  cancer  cells  by  Western  blot.  The 
data  revealed  a  significant  dose-dependent  up-regulation 
of  p21 WAF1  and  p27K1P1  expressions  in  DC-treated  cancer 
cells  compared  to  control  cells  (Chinni  et  al  2001).  This 
finding  was  consistent  with  the  results  on  the  inhibition  of 
cancer  cell  growth,  cell  cycle  arrest  and  down-regulation 
of  CDK6,  all  of  which  demonstrate  that  I3C  can  inhibit 
the  growth  of  cancer  cells  by  modulating  the  expression  of 
genes  that  are  involved  in  the  regulation  of  cell  proliferation 
and  cell  cycle.  The  up-regulation  of  p21WAFI  and  p27KIP1 
and  down-regulation  of  CDK6  may  be  one  of  the  molecular 
mechanism(s)  by  which  I3C  inhibits  cancer  cell  growth  and 
induces  cell  cycle  arrest  (Figure  2). 

Induction  of  apoptosis 

In  addition  to  cell  cycle  arrest,  the  overall  cell  growth 
inhibition  induced  by  I3C  could  also  be  due  to  increased 
programme  cell  death  known  as  apoptosis.  To  address  this 
issue,  apoptosis  assays  were  conducted  in  MDA-MB-435 
and  MCFlOCAla  breast  cancer  cells,  and  PC3  prostate 
cancer  cells  treated  with  I3C  (Rahman  et  al  2000;  Chinni 
et  al  2001;  Rahman  et  al  2003).  For  apoptosis  assays, 


€DK$i  **«{ 
ptl***'  \  9 

tcf*| 


Call  cycte 


&**  tr***toe*ttoit  to  roltoetkmdria 
* 

Lo*&  ofmHochonddai  potential 
itfeaa*  of  cytociwo**  c 

t 

Activation  ot  mpM* 
Apoptosis 


X  v 

Coll  growth  inhibition 


Figure  2  The  effects  of  I3C  on  cell  cycle  arrest  and  apoptosis. 


nucleosomal  DNA  ladders  are  widely  used  as  biochemical 
markers  of  apoptosis.  The  cleavage  of  poly(ADP-ribose) 
polymerase  (PARP)  has  also  been  used  as  early  markers 
of  apoptosis  (Lazebnik  et  al  1994).  Additionally,  flow 
cytometric  analysis  with  7AAD  staining  has  been 
conducted  to  detect  and  quantify  apoptotic  cells  (Philpott 
et  al  1996).  By  using  these  techniques,  induced  apoptosis 
in  all  cancer  cells  tested  occured  when  they  were  treated 
with  60-100  \xM  of  I3C.  DNA  ladder  formation  and  PARP 
cleavage  were  observed  in  cancer  cells  treated  with  I3C  for 
48  hours  (Rahman  et  al  2000;  Chinni  et  al  2001;  Rahman 
et  al  2003).  Flow  cytometry  revealed  that  the  number  of 
apoptotic  cells  increased  up  to  58%-84%  with  longer 
I3C  treatment  (Rahman  et  al  2000;  Chinni  et  al  2001; 
Rahman  et  al  2003).  These  results  clearly  suggest  that 
I3C  can  induce  apoptosis,  and  are  consistent  with  studies 
reported  by  other  investigators  (Ge  et  al  1996;  Katdare 
et  al  1998;  Ge  et  al  1999;  Bonnesen  et  al  2001;  Chen  DZ 
et  al  2001;  Hong,  Firestone  et  al  2002;  Zheng  et  al  2002; 
Nachshon-Kedmi  et  al  2003). 

To  exploit  the  molecular  mechanism(s)  of  DC-induced 
apoptosis,  the  authors  investigated  the  alternation  of  gene 
expression  involved  in  the  apoptotic  pathway.  Bax,  Bcl- 
2  and  BclXL  have  been  reported  to  play  a  major  role  in 
determining  whether  cells  will  undergo  apoptosis  under 
experimental  conditions  that  promote  cell  death  (Kane  et 
al  1993;  Park  and  Hockenbery  1996;  Findley  et  al  1997; 
Cory  and  Adams  2002).  Increased  expression  of  Bax  could 
induce  apoptosis,  while  Bcl-2  and  BclXL  protect  cells  from 
apoptosis.  It  has  also  been  found  that  the  ratio  of  Bax:Bcl- 
2,  rather  than  Bcl-2  alone,  is  important  for  the  survival 
of  drug-induced  apoptosis  (Salomons  et  al  1997).  The 
data  showed  a  reduced  level  in  Bcl-2  and  BclXL  protein 
expression  in  prostate  and  breast  cancer  cells  tested  after 
treatment  with  I3C  for  48  hours  and  longer  (Rahman 
et  al  2000;  Chinni  et  al  2001;  Rahman  et  al  2003).  The 
expression  of  Bax  was  up-regulated  after  I3C  treatment 
for  24  hours.  The  ratio  of  Bax  to  Bcl-2  was  significantly 
increased  after  24  hours  of  treatment,  corresponding  with  a 
significant  increase  in  apoptotic  cells  after  48  hours  of  I3C 
treatment.  A  similar  result  was  also  observed  in  DC-treated 
breast  cancer  cells  by  other  investigators  (Hong,  Firestone 
et  al  2002).  These  results  suggest  that  up-regulation  of  Bax 
and  down-regulation  of  Bcl-2  and  BclXL  may  be  one  of  the 
molecular  mechanism(s)  by  which  I3C  and  DIM  induces 
apoptosis  (Figure  2). 

Bax  translocation  from  cytosol  into  mitochondria 
has  been  known  as  a  critical  event  that  occurs  during 
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apoptotic  processes  (Bedner  et  al  2000;  Jia  et  al  2001).  By 
using  immunostaining  and  confocal  imaging  techniques, 
the  translocation  of  Bax  from  cytosol  into  mitochondria 
in  both  MCF10A  non-tumourigenic  and  MCFlOCAla 
cancer  cells  treated  with  I3C  (Rahman  et  al  2003)  was 
observed.  However,  no  significant  apoptosis  was  seen  in 
MCF10A  non-tumourigenic  cells  treated  with  I3C.  It  has 
been  reported  that  the  translocation  of  Bax  from  cytosol 
into  mitochondria  targets  the  mitochondrial  intermembrane 
contact  sites.  This  causes  mitochondrial  permeability 
transition,  loss  of  mitochondrial  potential,  release  of 
cytochrome  c,  subsequent  activation  of  caspases  and  DNA 
fragmentation  resulting  in  apoptotic  cell  death  (Putcha  et  al 
1999;  Gao  et  al  2001;  De  Giorgi  et  al  2002).  I3C  induces 
the  loss  of  mitochondrial  potential  and  the  release  of 
cytochrome  c  in  MCFlOCAla  breast  cancer  cells  but  not 
MCF1 0A  non-tumourigenic  cells.  This  occurs  even  though 
Bax  was  translocated  from  cytosol  into  mitochondria  upon 
I3C  treatment  in  both  cells  (Rahman  et  al  2003),  suggesting 
that  DC-induced  loss  of  mitochondrial  potential  is  a  more 
important  and  direct  event  for  the  release  of  cytochrome  c 
and  induction  of  apoptosis  in  cancer  cells  (Figure  2).  The 
fact  that  I3C  selectively  induces  the  loss  of  mitochondrial 
potential,  the  release  of  cytochrome  c  and  apoptosis  in 
MCFlOCAla  breast  cancer  cells  rather  than  MCF10A 
non-tumourigenic  cells,  makes  I3C  an  ideal  agent  for 
preventive  and/or  therapeutic  purposes  against  breast  and 
other  cancers. 

Inhibition  of  NF-kB  andAkt 
pathways 

The  nuclear  factor- kB  (NF-kB)  pathway  plays  an 
important  role  in  the  control  of  cell  growth,  differentiation, 
apoptosis,  inflammation,  stress  response  and  many  other 
physiological  processes  in  cellular  signalling.  The  NF-  kB 
family  is  composed  of  five  proteins:  RelA  (p65),  RelB,  c- 
Rel,  NF-  kBI  (p50)  and  NF-  kB2  (p52),  each  of  which  may 
form  homo-  or  hetero- dimers  (Ghosh  et  al  1995;  Muller 
et  al  1995;  Verma  et  al  1995).  In  human  cells,  NF-kB  is 
sequestered  in  the  cytoplasm  through  tight  association  with 
its  inhibitory  protein,  IkB.  The  activation  of  NF-  kB  occurs 
through  site -specific  phosphorylation  and  ubiquitination 
of  IkB  protein  by  IKK.  IkB  is  subsequently  degraded  by 
the  26S  proteasome  (Chen  et  al  1995;  Traenckner  et  al 
1995;  Chen  ZJ  et  al  1996).  This  process  allows  NF-kB  to 
become  free  from  IkB  and  to  translocate  into  the  nucleus 
for  binding  to  NF-KB-specific  DNA-binding  sites  and, 


Figure  3  Akt,  NF-kB  and  MAPK  signalling  pathways  and  the  effects  of  I3C  and 
DIM  on  those  pathways. 


in  turn,  regulating  gene  transcription  (Figure  3).  Recent 
reports  demonstrate  that  IKK- a  also  phosphorylates 
histone  H3  and  regulates  the  activation  of  NF-  kB- directed 
gene  expression  (Anest  et  al  2003;  Israel  2003;  Yamamoto 
et  al  2003).  NF-kB  controls  the  expression  of  many  genes 
that  are  involved  in  the  cellular  and  physiological  processes 
as  mentioned  above.  The  disorder  of  these  physiological 
processes  has  been  demonstrated  to  link  with  the  onset 
of  cancers  and  chronic  diseases.  Therefore,  NF-kB  has 
been  described  as  a  major  culprit  and  a  therapeutic  target 
in  cancer  (Biswas  et  al  2001;  Bharti  and  Aggarwal  2002; 
Haefner  2002;  Hideshima  et  al  2002;  Orlowski  and 
Baldwin  2002). 

Because  of  the  importance  of  NF-kB,  as  mentioned 
above,  the  authors  investigated  whether  I3C  treatment  could 
modulate  NF-kB  DNA-binding  activity  in  PC3  prostate 
cancer  cells  by  electrophoresis  mobility  shift  assay  (EMSA) 
(Chinni  et  al  2001).  PC3  cells  were  treated  with  60|iM 
I3C  for  48  hours.  Nuclear  extracts  were  harvested  from 
control  and  DC-treated  cells,  incubated  in  binding  buffer 
with  32P-labelIed  NF-kB  consensus  oligonucleotide,  and 
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subjected  to  8%  non-denatured  polyacrymide  gel.  After 
drying  the  gel,  autoradiography  of  the  gel  revealed  that 
60  p,M  I3C  significantly  inhibited  NF-kB  DNA  binding  in 
PC3  prostate  cancer  cells. 

The  Akt  signalling  pathway  is  another  important  signal 
transduction  pathway  in  human  cells.  Also  referred  to  as 
PKB,  Akt  plays  a  critical  role  in  controlling  the  balance 
between  cell  survival  and  apoptosis  (Burgering  and 
Coffer  1995).  It  contains  an  amino-terminal  pleckstrin 
homology  (PH)  domain  that  binds  phosphorylated  lipids 
at  the  membrane  in  response  to  activation  of  PI3  kinases. 
Akt  may  be  activated  by  insulin  and  various  growth  and 
survival  factors  through  the  activation  of  PI3  kinase 
(Franke  et  al  1995).  It  is  activated  by  phospholipid  binding 
and  phosphorylation  at  Thr308  by  PDK1,  and  also  by 
phosphorylation  within  the  C-terminus  at  Ser473  by  PDK2 
(Alessi  et  al  1996;  Rommel  et  al  1999).  Akt  functions  to 
promote  cell  survival  by  inhibiting  apoptosis  through  its 
ability  to  phosphorylate  and  inactivate  several  targets, 
including  Bad,  Forkhead  transcription  factors  and  caspase- 
9,  all  of  which  are  involved  in  apoptotic  pathways  (Brunet 
et  al  1999;  Rommel  et  al  1999).  Recent  reports  show  that 
it  also  regulates  the  NF-kB  pathway  via  phosphorylation 
and  activation  of  molecules  in  the  NF-kB  pathway  (Figure 
3)  (Ozes  et  al  1999;  Romashkova  and  Makarov  1999).  Akt 
has  also  been  described  as  a  target  in  cancer  therapy  (Chang 
et  al  2003). 

Because  Akt  pathways  play  an  important  role  in  cell 
growth,  apoptosis  and  oncogenesis,  the  status  of  Akt 
in  PC3  cells  treated  with  30,  60  and  100  jaM  I3C  by 
immunoprecipitation,  Western  blot  and  kinase  assays 
(Chinni  and  Sarkar  2002)  were  examined.  No  alterations 
on  the  total  Akt  protein  expression  in  DC-treated  PC3  cells 
were  found.  However,  a  decrease  in  the  phosphorylated 
Akt  protein  at  Ser473  and  Thr308  was  seen  in  the  DC- 
treated  PC3  cells  compared  to  control  cells,  suggesting 
inactivation  of  Akt  kinase  after  I3C  treatment.  These 
results  were  confirmed  by  Akt  kinase  assay,  which  showed 
a  decrease  in  the  Akt  kinase  activity  in  DC-treated  PC3 
cells.  Examining  the  Akt  status  in  PC3  cells  pretreated  with 
I3C  followed  by  EGF  stimulation,  it  was  found  that  EGF 
treatment  alone  activated  Akt  kinase  as  expected,  while 
I3C  pre-treatment  abrogated  the  activation  of  Akt  by  EGF. 
These  data  demonstrate  that  I3C  inhibits  the  activation 
of  Akt  and  Akt  kinase  activity,  which  may  result  in  the 
inhibition  of  survival  signals  and  induce  apoptotic  signals. 
The  inhibition  of  NF-kB  and  Akt  pathways  by  I3C  may 


be  another  molecular  mechanism  by  which  I3C  induces 
apoptosis.  The  fact  that  I3C  inhibits  both  NF-kB  and  Akt 
pathways,  which  are  known  as  therapeutic  targets  for  cancer 
therapy,  makes  I3C  an  ideal  agent  for  preventive  and/or 
therapeutic  purposes  against  cancer. 

Regulation  of  gene  expression 
profiles 

Although  interest  in  the  molecular  effects  of  I3C  and 
DIM  on  cancer  cells  has  greatly  increased  in  recent  years, 
little  is  known  about  the  global  gene  expression  profiles 
of  cancer  cells  after  I3C  or  DIM  treatment.  The  precise 
molecular  mechanism (s)  by  which  I3C  and  DIM  exert  their 
tumour  suppressive  effects  is  still  unclear.  To  establish 
such  molecular  mechanism(s),  the  high-throughput  gene 
chip,  which  contains  22215  known  genes,  was  utilised 
to  determine  the  alternation  of  gene  expression  profiles 
of  PC3  prostate  cancer  cells  exposed  to  I3C  or  DIM  (Li 
and  Sarkar  2003).  The  results  from  cDNA  microarrays 
provided  a  genome-wide  analysis  of  the  cellular  response 
to  DC  and  DIM  treatment.  It  was  found  that  the  alternation 
of  biological  processes  and  molecular  functions  in  I3C- 
and  DIM-treated  PC3  cells  are  complex  and  are  likely  to 
be  mediated  by  a  variety  of  regulatory  pathways  (Li  and 
Sarkar  2003).  Thus,  the  global  gene  expression  profile 
of  cancer  cells  after  I3C  or  DIM  treatment  opens  new 
avenues  to  further  investigate  the  molecular  mechanism (s) 
by  which  I3C  and  DIM  inhibit  cancer  cells. 

Through  using  cDNA  microarray  analysis,  it  was 
found  that  the  molecular  response  to  both  I3C  and  DIM  in 
PC3  prostate  cancer  cells  mainly  involves  the  inhibition 
of  genes  that  are  related  to  cell  proliferation,  cell  cycle 
control,  apoptosis,  signal  transduction,  oncogenesis  and 
transcription  regulation  (Li  and  Sarkar  2003).  EGFR, 
TGF-p2  and  FGF  play  important  roles  in  promoting  cell 
growth  and  angiogenesis  (Cross  and  Claesson-Welsh 
2001;  Platten  et  al  2001;  Mendelsohn  2002).  The  down- 
regulation  of  EGFR,  TGF-(32  and  FGF  by  I3C  or  DIM 
treatment  corresponded  with  the  growth  inhibitory  effects 
of  I3C  and  DIM.  Cyclin  E,  activating  transcription  factor 
(ATF),  and  mitogen  inducible  gene  (MIG)  regulate  cell 
cycle  progression  and  apoptosis  (Jean  and  Bar-Eli  2001; 
Nakayama  et  al  2001).  The  results  also  showed  that  I3C 
and  DIM  inhibited  the  expression  of  cyclin  E2,  ATF5, 
MIG-2  and  Bcl-2,  and  induced  the  expression  of  p57KIP2, 
which  may  lead  to  the  induction  of  cell  cycle  arrest 
and  apoptosis. 
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Cell  signal  transduction  pathways  are  important  for  cell 
survival.  In  addition  to  NF-kB  and  Akt  pathways  targeted 
by  I3C  and  DIM  as  mentioned  earlier,  MAPK  has  received 
much  attention  in  cancer  research  and  is  believed  to  be 
a  target  for  cancer  prevention  and  therapy.  The  MAPK 
pathway  consists  of  a  three-tiered  kinase  core  where  a 
MAP3K  activates  a  MAP2K  that  activates  a  MAPK  (Figure 
3),  resulting  in  the  activation  of  NF-kB,  cell  growth  and 
cell  survival  (Seger  and  Krebs  1995;  Sebolt-Leopold  2000). 
Down-regulation  in  the  expression  of  MAP2K3,  MAP2K4, 
MAP4K3  and  MAPK3  by  I3C  and  DIM  treatment  was 
observed,  suggesting  the  inhibitory  effects  of  I3C  and  DIM 
on  the  MAPK  pathway,  which  is  likely  to  result  in  the 
inhibition  of  cancer  cell  survival.  From  the  gene  expression 
profiles  of  PC3  cells  exposed  to  I3C,  the  down-regulation 
of  PI3K  expression  was  found  to  be  consistent  with  results 
showing  inactivation  of  the  Akt  kinase  pathway  by  I3C. 

Several  Pol  II  transcription  factors  including  TFDP  and 
NF-YC  play  important  roles  in  cell  transcription  (Yasui  et 
al  2002;  Romier  et  al  2003).  TFDP1  overexpression  leads 
to  up-regulation  of  cyclin  E,  which  encodes  a  positive 
regulator  for  cell  cycle  Gl/S  transition  (Yasui  et  al  2002). 
Their  overexpression  has  also  been  related  to  oncogenesis. 
In  addition,  core  binding  factor  beta  (CBF-P)  and 
suppressor  of  tumourigenicity  16  (ST  16)  are  also  known 
to  be  involved  in  the  processes  of  oncogenesis.  CBF-(3 
forms  fusion  protein  with  other  gene  product  and  promotes 
oncogenesis,  while  ST  16  suppresses  the  oncogenesis  (Jiang 
et  al  1996;  Kundu  and  Liu  2001).  The  results  from  gene 
expression  profiling  showed  that  I3C  and  DIM  down- 
regulated  the  expression  of  TFDP1,  NF-YC,  cyclin  E  and 
CBF-(3,  and  up-regulated  ST  16  expression.  This  suggests 
that  I3C  and  DIM-mediated  inhibition  in  transcription  and 
oncogenesis  involves  multiple  genes,  all  of  which  could  be 
specific  targets  of  I3C  and  DIM. 

Conclusions 

The  studies  presented  in  this  review  article  clearly  indicate 
that  I3C  and  DIM,  generally  obtained  from  natural  food 
sources,  play  important  roles  in  cancer  prevention  and  may 
perhaps  be  useful  for  treatment.  These  effects  are  believed 
to  be  mediated  through  the  regulation  of  cell  cycle,  cell 
proliferation,  apoptosis,  oncogenesis,  transcription  and 
cell  signal  transduction.  Therefore,  the  inactivation  of 
Akt,  NF-kB,  MAPK  and  Bcl-2  signalling  pathways  may 
represent  the  molecular  mechanism(s)  by  which  I3C  and 
DIM  exert  their  anticancer  effects.  However,  the  biggest 


challenge  is  to  demonstrate  whether  specific  targets  are 
affected  by  I3C/DIM  in  vivo.  Therefore,  further  in  vitro 
and  in  vivo  investigations  along  with  clinical  trials  are 
needed  to  fully  appreciate  the  value  of  I3C  and  DIM  in 
the  fight  against  human  cancers. 
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1.  ABSTRACT 

Prostate  cancer  is  the  second  leading  cause  of 
cancer  related  deaths  in  men  in  the  United  States.  I3C  and 
its  in  vivo  dimeric  product,  DIM,  have  been  found  to 
inhibit  the  growth  of  prostate  cancer  cells.  However,  the 
molecular  mechanism(s)  by  which  DIM  elicits  its  effects  on 
prostate  cancer  cells  has  not  been  fully  elucidated.  We  have 
previously  shown  that  I3C  induces  apoptosis  and  inhibits 
the  activation  of  NF-kappaB  pathway,  which  could  be 
mediated  via  Akt  signaling  pathway.  In  this  study,  we 
investigated  whether  there  is  any  cross-talk  between  Akt 
and  NF-kappaB  during  DIM-induced  apoptosis  in  PC-3 
prostate  cancer  cells.  We  found  that  DIM  inhibited  cell 
growth  and  induced  apoptosis  in  PC-3  prostate  cancer  cells 
but  not  in  non-tumorigenic  CRL2221  human  prostate 
epithelial  cells.  DIM  also  inhibited  EGFR  expression,  PI3K 
kinase  activity,  and  Akt  activation,  and  abrogated  the  EGF- 
induced  activation  of  PI3K  in  prostate  cancer  cells.  NF- 
kappaB  DNA-binding  analysis  and  transfection  studies 
with  Akt  cDNA  constructs  revealed  that  Akt  transfection 
resulted  in  the  induction  of  NF-kappaB  activity  and  this 
was  inhibited  by  DIM  treatment.  DIM  treatment  also 
showed  significant  induction  of  apoptosis  in  non- 
transfected  cells  compared  to  Akt  and  Akt-Myr  transfected 
prostate  cancer  cells.  From  these  results,  we  conclude  that 
the  inhibition  of  Akt  and  NF-kappaB  activity  and  their 
cross-talk  is  a  novel  mechanism  by  which  DIM  inhibits  cell 
growth  and  induces  apoptotic  processes  in  prostate  cancer 
cells  but  not  in  non-tumorigenic  prostate  epithelial  cells. 


2.  INTRODUCTION 

Prostate  cancer  is  one  of  the  most  common 
cancers  in  men  and  the  second  leading  cause  of  male  cancer 
death  in  the  United  States  (1).  However,  Asians  have 
relatively  low  incidence  of  prostate  cancers.  Dietary  and 
epidemiological  studies  have  shown  an  association 
between  high  dietary  intake  of  vegetables  and  decreased 
prostate  cancer  risk  (2,  3).  Among  vegetables  with 
anticarcinogenic  properties,  the  cruciferous  vegetable 
family  including  broccoli,  cabbage,  brussels  sprouts,  and 
cauliflower  appears  to  be  most  effective  at  reducing  the  risk 
of  cancers.  Indole-3 -carbinol  (I3C),  a  common 
phytochemical  in  the  human  diet,  is  present  in  almost  all 
members  of  the  cruciferous  vegetable  family,  and  it  is 
readily  converted  to  its  dimeric  product,  3,3'- 
diinolylmethane  (DIM)  (4).  There  are  growing  evidences 
showing  that  I3C  and  DIM  have  the  potential  to  inhibit  a 
number  of  common  cancers,  especially  those  that  are 
hormone-related  (5-8). 

It  has  been  demonstrated  that  13 C  and  DIM 
possess  anti-carcinogenic  effects  in  experimental  animals 
and  inhibits  the  growth  of  human  cancer  cells  in  vitro  (5,  7- 
10).  DIM  has  been  found  to  induce  cell  cycle  arrest  at  G1 
phase  with  up-regulation  of  p21 WAFl  and  down-regulation 
of  CDK6  (6,  11).  It  has  been  reported  that  DIM  increases 
the  expression  of  Bax,  decreases  the  expression  of  Bcl-2, 
and  induces  apoptosis  (12).  Because  of  these  effects,  the 
interest  in  I3C  and  DIM  as  cancer  chemopreventive  and/or 
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therapeutic  agents  has  significantly  increased  in  the  past 
years.  We  have  previously  shown  that  I3C  up-regulates 
p21WAF1,  Bax,  and  p27Kn>1,  and  down-regulates  BclXu 
EGFR,  and  Akt  kinase  activity,  leading  to  the 
induction  of  apoptosis  in  prostate  cancer  cells  (13, 
14).  We  have  also  reported  the  gene  expression 
profiles  of  prostate  cancer  cells  exposed  to  I3C  and 
DIM,  showing  that  13 C  and  DIM  induce  the  expression 
of  genes  related  to  the  Phase  I  and  Phase  II  enzymes  and 
regulate  the  expression  of  genes  involved  in  the  control  of 
cell  growth,  cell  cycle,  apoptosis,  signal  transduction,  and 
oncogenesis  (15).  However,  the  precise  molecular 
mechanism  by  which  DIM  exerts  its  effect  on  the  induction 
of  apoptosis  and  the  cell  signaling  pathways,  has  not  been 
fully  elucidated. 


3.2.  Cell  growth  inhibition  by  MTT  assay 

The  PC-3  and  CRL-2221  cells  were  seeded  at  a 
density  of  lxl03/well  in  96  well  culture  dishes.  After  24 
hours,  the  cells  were  treated  with  15,  30,  and  60 
micromole/L  DIM  for  one  to  three  days.  Control  PC-3  cells 
received  0.1%  DMSO  for  same  time  points.  The  cells  were 
then  incubated  with  MTT  (0.5  gram/L,  Sigma,  St.  Louis, 
MO)  at  37°C  for  4h  and  with  DMSO  at  room  temperature 
for  1  h.  The  spectrophotometric  absorbance  of  the  samples 
was  measured  by  using  ULTRA  Multifunctional  Microplate 
Reader  (TECAN,  Durham,  NC)  at  595  nm.  The  experiment 
was  repeated  three  times  and  t  test  was  performed  to  verify 
the  significance  of  cell  growth  inhibition  after  treatment. 


Akt  and  NF-kappaB  pathways  are  important  cell 
signaling  pathways  involved  in  the  processes  of  apoptosis, 
carcinogenesis,  and  tumor  progression  (16-19).  NF-kappaB 
is  a  cell  survival  factor  and  can  be  activated  by  many  types 
of  stimuli  including  TNF-a,  EGF,  UV  radiation,  etc.  There 
is  growing  evidence  to  suggest  the  role  of  NF-kappaB  in 
the  protection  against  apoptosis  (18,  20).  An  in  vivo  study 
showed  that  mice  lacking  NF-kappaB  p65/RelA  died 
embryonically  from  extensive  apoptosis  in  the  liver  (21), 
suggesting  anti-apoptotic  role  of  NF-kappaB.  Akt  can  be 
activated  by  various  growth  factors  including  EGF  through 
activation  of  phosphatidylinositol 
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pathway  via  phosphorylation  and  activation  of  molecules  in 
the  NF-kappaB  pathway  (22-24).  Because  both  Akt  and 
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survival  and  apoptoti^PuM^  in 
investigated  whether  D&l  could  Tnhibj 
kappaB  activation  leaKng  tHwq|pt 
Akt  and  NF-kappampatl 
during  apoptotic  proc^fc^ji 
we  also  investigated  whether  there  is  any 
differential  effect  of  DIM  between  PC-3  prostate 
cancer  cells  and  non-tumorigenic  CRL2221  prostate 
epithelial  cells. 

3.  MATERIALS  AND  METHODS 

3.1.  Cell  culture  and  reagents 

PC-3  human  prostate  cancer  cells  (ATCC, 
Manassas,  VA)  were  cultured  in  RPMI-1640  media 
(Invitrogen,  Carlsbad,  CA)  supplemented  with  10%  fetal 
bovine  serum  and  1%  penicillin  and  streptomycin  in  a  5% 
CO2  atmosphere  at  37°C.  CRL-2221  human  non- 
tumorigenic  prostate  epithelial  cells  (ATCC,  Manassas, 
VA)  were  cultured  in  keratinocyte-SFM  media  (Invitrogen, 
Carlsbad,  CA)  supplemented  with  EGF  (0.2  microgram/L), 
bovine  pituitary  extract  (30  milligram/L),  and  1%  penicillin 
and  streptomycin.  DIM  (LKT,  St.  Paul,  Minnesota)  was 
dissolved  in  DMSO  to  make  60  millimole/L  stock  solution. 
Wherever  indicated,  EGF  (Invitrogen,  Carlsbad,  CA)  was 
added  to  the  media  at  a  final  concentration  of  100 
microgram/L. 


3.3.  Histone/DNA  ELISA  for  detecting  apoptosis 

Cell  Apoptosis  ELISA  Detection  Kit  (Roche, 
Palo  Alto,  CA,  USA)  was  used  to  detect  apoptosis  in  PC-3 
and  CRL-2221  cells  with  different  treatments  according  to 
manufacturer’s  protocol.  Briefly,  the  cytoplasmic 
histone/DNA  fragments  from  PC-3  and  CRL-2221  cells 
treated  with  15,  30,  and  60  micromole/L  DIM  or  0.1% 
DMSO  (vehicle  control)  for  24,  48,  72  hours,  were 
extracted  and  bound  to  immobilized  anti-histone  antibody. 
Subsequently,  the  peroxidase-conjugated  anti-DNA 
antibody  was  used  for  the  detection  of  immobilized 
:one/DNA  fragments.  After  addition  of  substrate  for 
pdasJ|  the  spectrophotometric  absorbance  of  the 
ies  wm  determined  by  using  ULTRA  Multifunctional 
ilat^teader  (TECAN,  Durham,  NC)  at  405  nm. 

The  PC-3  and  CRL-2221  cells  were  plated  on 
culture  dishes  and  allowed  to  attach  for  24  hours  followed 
by  th^reatment  with  15,  30^  or  60  micromole/L  DIM  for 
48  ho^^^^Hrol^Us  w^^mcubated  in  the  medium  with 
0.1%BMSOusing^na«me  points.  After  incubation,  the 
cells  WWPft  in  62^jpillimole/L  Tris-HCl  and  2%  SDS. 
Protefl  concentrationBvas  then  measured  using  BCA 
caMBpVIERCfl  Rockford,  IL).  Cell  extracts  were 
subjected  to  10%  SDS-PAGE,  and  electrophoretically 
transferred  to  nitrocellulose  membrane.  Membranes  were 
incubated  with  anti- Akt  (Santa  Cruz  Biotech,  Santa  Cruz, 
CA),  anti-phospho-Akt  Ser473  (Cell  signaling,  Beverly, 
MA),  anti-EGFR  (Santa  Cruz  Biotech,  Santa  Cruz,  CA), 
anti-BclxL  (Santa  Cruz  Biotech,  Santa  Cruz,  CA),  and  anti- 
p-actin  (Sigma,  St.  Louis,  MO)  antibodies,  washed  with 
TTBS  and  incubated  with  secondary  antibody  conjugated 
with  peroxidase.  The  signal  was  then  detected  using  the 
chemiluminescent  detection  system  (PIERCE,  Rockford, 
IL). 

3.5.  Reporter  gene  constructs  and  transfection 
pLNCX-Akt  (normal  Akt),  pLNCX-Myr-Akt 
(constitutively  activated  Akt),  pLNCX-Akt-K179M 
(dominant  negative),  and  pLNCX  (control  vector)  were 
generously  provided  by  Dr.  Sellers  (Dana-Farber  Cancer 
Institute,  Boston,  MA).  NF-kappaB-LUC  (Stratagene,  La 
Jolla,  CA)  contains  six  repeated  copies  of  the  NF-kappaB 
DNA-binding  site  and  a  luciferase  reporter  gene.  CMV- 
beta-gal  reporter  construct  transfection  was  used  for 
normalization  of  transfection  efficiency.  The  pLNCX-Akt, 
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Figure  1.  Effects  of  DIM  on  the  growth  of  PC-3  (A)  and 
CRL-2221  cells  (B)  tested  by  MTT  assay.  (*:  /K0.05;  n=3). 

pLNCX-Myr-Akt,  pLNCX-Akt-K179M,  or  pLNCX  was 
transiently  co-transfected  with  NF-kappaB-LUC  and  CMV- 
beta-gal  into  PC-3  cells  when  they  were  at  -70%  confluent 
using  the  Lipofect AMINE  (Invij 
After  incubation  for  5  hours,  thi 
washed  and  incubated  with  RPMI 
Carlsbad,  CA)  supplemented  with 
overnight  followed  by  treatment  w| 
for  48  hours.  Subsequently,  the  luciferase  activities  in  the 
samples  were  measured  by  using  Steady-Glo™  Luciferase 
assay  system  (Promega,  Madison,  WI)  and  ULTRA 
Multifunctional  Microptorf^P^kr  (TI^HkN,  Djfcam, 
NC).  To  detect  the  NF-WppaB  actwity  ^Wa%fecte®3C-3 
cells,  the  samples  weiBsubj§g|||kto  lm- k®DaB  BNA- 
binding  activity  measiwnent  usBg  »HP(^ietlad  as 
described  below.  Cell  'i  Jjf  I  >i  in  li 

also  used  to  detect  apoptosis  in  transfected  and  parental 
PC-3  cells. 

3.6.  NF-kappaB  DNA-binding  activity  measurement 

PC-3  and  CRL-2221  cells  were  treated  with  15, 
30,  and  60  micromole/L  DIM  for  72  hours.  Following 
treatment,  the  nuclear  proteins  from  cells  were  extracted. 
Ten  microgram  of  nuclear  proteins  was  subjected  to 
electrophoretic  mobility  shift  assay  (EMSA)  as  described 
previously  (25).  Competition  assay  using  unlabeled  specific 
competitor  (NF-kappaB  oligo)  was  conducted  to  confirm 
the  specificity  of  NF-kappaB  DNA-binding  activity. 

3.7.  Immunoprecipitation  and  PI3K  kinase  assay 

The  PI3K  kinase  activity  of  PC-3  cells  treated 
with  60  micromole/L  DIM  for  24  and  48  hours,  60 
micromole/L  DIM  for  24  and  48  hours  followed  by  EGF 
treatment  for  20  minutes,  EGF  only,  or  0.1%  DMSO  was 
measured  by  using  PI3K  kinase  assay  kit  (Echelon,  Salt 
Lake,  UT)  according  to  manufacturer’s  protocol.  Briefly, 
the  cells  after  treatments  were  lysed  in  ice-cold  cell  lysis 
buffer  (137  millimole/L  NaCl,  20  millimole/L  Tris-HCl,  1 


millimole/L  CaCl2,  1  millimole/L  MgCl2,  0.1  millimole/L 
sodium  orthovanadate,  1%  NP-40,  and  1  millimole/L 
PMSF)  on  ice  for  20  minutes.  After  centrifugation,  the 
protein  concentration  of  supernatant  was  measured  by  BCA 
protein  assay  (PIERCE,  Rockford,  IL).  600  micrograms  of 
proteins  from  each  sample  were  used  for 
immunoprecipitation  with  PI3K  antibody  (Upstate, 
Charlottesville,  VA)  overnight  and  protein  G-agarose 
for  one  hour  at  4°C.  Then,  the  samples  were  collected  by 
centrifugation,  washed  with  kinase  buffer,  and  subjected  to 
PI3K  kinase  assay  in  kinase  buffer  (20  millimole/L  Tris  pH 
7.4,  4  millimole/L  MgCl2,  10  millimole/L  NaCl),  25 
micromole/L  ATP,  and  2.4  micrograms  of  PI(4,5)P2  as 
kinase  substrate.  PI(3,4,5)P3  was  measured  by  competitive 
ELISA. 

3.8.  Signal  quantification  and  statistical  analysis 

The  EMSA  gel  was  scanned,  and  the  signals  in 
the  gel  were  quantified  and  analyzed  with  Odyssey 
software  (LI-COR,  Lincoln,  NE).  Signal  in  the  Western 
blots  was  also  scanned  and  quantified  with  Molecular 
Analyst  software  (Bio-Rad,  Hercules,  CA).  Comparisons 
were  made  between  control  and  treatments.  Statistical 
analysis  was  performed  using  t  test  between  treated  and 
untreated  samples.  P  values  less  than  0.05  were  used  to 
indicate  statistical  significance. 


slectively  inhibits  growth  of  prostate  cancer 


PC-3  prostate  cancer  cells  and  CRL-2221  non- 
tumorigenic  human  prostate  epithelial  cells  were  treated 
with  0-60  micromole/L  DIM  over  3  days  and  the  cell 
viabilJpWPlIt^yned  btfMTT  assay.  The  treatment  of 
PC-3  Bostate  canc*ell»with  DIM  resulted  in  a  dose  and 
time-IpnOSaB  inhibraJrof  cell  proliferation  (Figure  1A). 
How®r,  only  37.8%ftrowth  inhibition  was  observed  in 
non-tijiorigenic  prostate  epithelial  cells 
treated  with  60  micromole/L  DIM  for  3  days  compared  to 
87.8%  in  PC-3  cells  (Figure  IB),  suggesting  the  selective 
growth  inhibition  of  prostate  cancer  cells  by  DIM. 
Inhibition  of  cell  proliferation  observed  by  MTT  could  be 
partly  due  to  the  induction  of  apoptosis  in  prostate  cancer 
cells.  We,  therefore,  investigated  whether  DIM  could 
selectively  induce  apoptosis  in  PC-3  prostate  cancer  cells. 

4.2.  DIM  selectively  induces  apoptosis  in  prostate 
cancer  cells 

By  ELISA  analysis  of  cytoplamic  histone/DNA 
fragments,  we  observed  an  induction  of  apoptosis  in 
prostate  cancer  cells  treated  with  15-60  micromole/L  DIM 
(Figure  2 A).  The  induction  of  apoptosis  was  time-  and 
dose-dependent,  and  was  directly  correlated  with  the 
inhibition  of  cell  growth,  suggesting  that  DIM  treatment 
may  result  in  the  inhibition  of  cell  proliferation  through 
apoptotic  cell  death.  More  importantly,  non-tumorigenic 
CRL-2221  prostate  epithelial  cells  were  much  less 
responsive  to  DIM  treatment  than  PC-3  cells  (Figure  2B), 
suggesting  that  DIM  selectively  induced  apoptosis  in 
prostate  cancer  cells. 
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4.3.  DIM  inhibits  PI3K  and  Akt  activation  and  induces 
apoptoisis  through  Akt  pathway 

Since  Akt  signaling  pathway  is  an  important 
signal  transduction  pathway  that  plays  a  critical  role  in  cell 
survival  and  apoptotic  processes,  we  investigated  the  status 
of  Akt  in  PC-3  and  CRL-2221  cells  treated  with  0-60 
micromole/L  DIM  by  Western  Blot  analysis.  We  did  not 
find  any  alterations  in  the  protein  expression  of  un- 
phosphorylated  Akt  in  DIM- treated  PC-3  and  CRL-2221 
cells  (Figure  4).  However,  a  significant  decrease  in  the 
phosphorylated  Akt  protein  at  Ser473  was  observed  in  DIM 
treated  PC-3  cells  compared  to  control  cells,  suggesting 
inactivation  of  Akt  kinase  after  DIM  treatment  (Figure  4). 
Treatment  of  DIM  showed  dose  dependent  inhibition  of 
Akt  phosphorylation  in  PC-3  cells,  consistent  with  the 
induction  of  apoptosis  by  DIM.  However,  the 
phosphorylated  Akt  Ser473  protein  was  undetectable  in 
CRL-2221  cells  treated  or  untreated  with  DIM,  suggesting 
that  the  inactivation  of  Akt  by  DIM  is  specific  in  prostate 
cancer  cells  compared  to  non-tumorigenic  prostate 
epithelial  cells. 


Figure  2.  Induction  of  apoptosis  in  PC-3  (A)  and  CRL-2221  (B) 
cells  tested  by  ELISA.  (n=2). 
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Figure  3.  Western  blot  (A)  and  densitometric  analysis  (B) 
of  Bc1Xl  and  EGFR  in  PC-3  and  CRL-2221  cells  treated 
with  DIM. 


Since  Akt  is  activated  through  the  activation  of 
PI3K,  we  investigated  the  PI3K  kinase  activity  in  the  PC-3 
cells  treated  with  DIM  or  pre-treated  with  DIM  followed  by 
EGF  stimulation.  We  found  that  DIM  treatment  inhibited 
the  activity  of  PI3K  (Figure  5),  suggesting  that  DIM  could 
through  the  inhibition  of  PI3K  activity.  We 
at  EGF  treatment  alone  activated  PI3K  kinase 
pected,  and  that  DIM  pretreatment  abrogated 
n  of  PI3K  stimulated  by  EGF  (Figure  5). 
ion  of  Akt  and  PI3K  could  be  mediated 
through  EGFR  pathways,  we  measured  the  expression  of 
EGFR  by  Western  Blot  analysis.  We  found  that  DIM 
inhibitedEGFR  expression  in  a  dose-dependent  manner  in 
PC-3  inhibition  of  EGFR  in  CRL- 

2221  Jells  (Figure^,  ^ffresponding  with  the  selective 
effectftWPPIn  Aktl||tyation  in  PC-3  cells. 

rmore  J^e  transfected  Akt  cDNA  into  PC- 
3  cells  and  measured  the  degree  of  apoptosis  in  transfected 
cells  with  and  without  DIM  treatment.  We  found  that  DIM 
not  only  induced  apoptosis  in  PC-3  parental  cells  but  also 
in  Akt  transfected  PC-3  cells  although  to  a  lesser  extent  as 
expected  (Figure  6).  More  importantly,  we  found  that 
transfection  of  constitutively  activated  Akt  (pLNCX-Myr- 
Akt)  and  wild-type  Akt  (pLNCX-Akt)  inhibited  apoptosis 
induced  by  DIM  compared  to  mutant  Akt  and  empty  vector 
transfectants,  suggesting  that  the  induction  of  apoptosis  by 
DIM  is  partly  mediated  by  active  Akt  and  that  the 
overexpression  of  Akt  leads  to  resistance  to  DIM-induced 
apoptosis. 


By  Western  Blot  analysis,  we  also  found  that 
DIM  inhibited  the  expression  of  Bc1Xl,  an  anti-apoptotic 
protein  in  PC-3  cells  (Figure  3).  However,  there  was  no 
significant  effect  on  BclXL  in  DIM-treated  CRL-2221  cells, 
and  these  results  were  correlated  with  minimal  apoptosis  in 
DIM-treated  CRL-2221  cells.  Next,  we  investigated 
whether  PI3K/Akt  and  NF-kappaB  signaling  pathways  are 
involved  in  the  apoptotic  processes  induced  by  DIM  in 
prostate  cancer  cells. 


4.4.  DIM  selectively  inhibits  NF-kappaB  activation  in 
PC-3  cells 

Nuclear  extracts  from  control  and  DIM-treated 
PC-3  cells  were  subjected  to  NF-kappaB  DNA-binding 
activity  as  measured  by  EMSA.  Autoradiography  revealed 
that  30-60  micromole/L  DIM  significantly  inhibited  NF- 
kappaB  DNA-binding  activity  in  PC-3  cells  compared  to 
untreated  control  (Figure  7).  However,  no  such  effect  was 
observed  in  DIM-treated  CRL-2221  cells,  suggesting  the 
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Figure  4.  Western  blot  (A)  and  densitometric  analysis  (B) 
of  total  Akt  and  p-Akt  in  PC-3  and  CRL-2221  cells  treated 
with  DIM. 


selective  inhibitory  effect  of  DIM  on  NF-kappaB  DNA- 
binding  activity  in  prostate  cancer  cells.  In  order  to  further 
explore  the  inhibitory  effects  of  DIM  on  Akt  and  NF- 
kappaB  pathways,  we  conducted  transfection  experiments 
as  described  under  Materials  and  Methods.  Luciferase 
assay  showed  a  significant  increase  in  luciferase  activity  in 
PC-3  cells  co-transfected  with  pLNCX-Myr-Akt  and  NF- 
kappaB-Luc,  and  also  in  PC-3  cells  co-transfected  with 
pLNCX-Akt  and  NF-kappaB-Luc  (Fig  8).  Moreover,  DIM 
significantly  abrogated  the  induction  of  luciferase  activity 
caused  by  pLNCX-Myr-Akt  and  pLNCX-Akt  transfections 
(Figure  8). 

To  confirm  these  results,  we  also  examined  the 
NF-kappaB  DNA-binding  activity  in  PC-3  cells  transfected 
with  pLNCX-Myr-Akt  or  pLNCX.  We  observed  an 
increase  in  NF-kappaB  DNA-binding  activity  in  PC-3  cells 
transfected  with  pLNCX-Myr-Akt  (Figure  9).  We  also 
found  that  DIM  abrogated  the  activation  of  NF-kappaB 
DNA-binding  activity  caused  by  pLNCX-Myr-Akt 
transfection  (Figure  9).  Collectively,  these  results  provide 
evidence  for  a  potential  cross-talk  between  Akt  and  NF- 
kappaB  pathways  during  DIM  induced  cell  growth 
inhibition  and  apoptosis  in  prostate  cancer  cells. 


5.  DISCUSSION 


Figure  5.  Relative  PBKjwrityinrcL  asMrejd  wftllM. 

micromole/L  DIM  forw^  houre'JD®Blfli!m  vBi  60 
micromole/L  DIM  for  24  EGF  IreqvefltaBItti 

treated  with  60  micromole/L  DIM  for  48  hours;  D2/E:  treated 
with  60  micromole/L  DIM  for  48  hours  followed  by  EOF 
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jfm  IBM,  the  major  in  vivo  product  of  dietary  I3C, 
A«een  sftwn  to  inhibit  cell  growth  and  induce  apoptosis 
Rr^»ast,Bervical  and  prostate  cancer  cells  (5-7,  11), 
Jts  chemopreventive  and/or  therapeutic  effects 
on  cvpvhUB  However,  the  precise  molecular 
mechanisms  by  which  DIM  inhibits  cell  growth  and 
induces  apoptosis  have  not  been  fully  elucidated. 
Additionally^he  effect  of  DIM  on  non-tumorigenic 
epith(HPW(Rel^ns  unJKown.  Here,  we  demonstrated 
that  Igyt  significan^aflf^electively  inhibited  cell  growth 
and  iiBii!PiPoptosi^y  PC-3  prostate  cancer  cells,  while 
CRL-K21  non-tumo«enic  cells  showed  much  less 
■WoIhMhWM.  TRse  results  provide  evidence  for 
selective  effects  of  DIM  on  cell  growth  and  apoptosis  in 
cancer  cells.  To  discover  the  molecular  mechanisms 


treatment). 


Transfection  Non  Akt  Mut-Akt  Akt-Myr  Emp-V 

Figure  6.  Induction  of  apoptosis  in  transfected  and  DIM  treated 
PC-3  cells  tested  by  ELISA  (Non:  no  transfection;  Akt: 
transfected  with  pLNCX-Akt;  Mut-Akt  transfected  with 
pLNCX-Akt-K179M;  Akt-Myr:  transfected  with  pLNCX- 
Myr-Akt;  Emp-V:  transfected  with  empty  vector,  pLNCX; 
*: p<0.05;  n=2). 


responsible  for  the  induction  of  apoptosis  by  DIM,  we 
investigated  the  effects  of  DIM  on  Akt  and  NF-kappaB 
pathways,  which  have  been  known  to  play  important  roles 
in  cell  survival  and  apoptotic  cell  death  processes. 

It  has  been  known  that  Akt  signaling  pathway  can  be 
activated  by  various  growth  and  survival  factors  such  as 
EGF,  PDGF,  insulin,  etc,  through  activation  of  PI3K  (16, 
17).  PI3K  activation  leads  to  the  production  of 
phosphatidylinositol-3,4,5-trisphosphate  (PI-3,4,5-P3), 
which  interacts  with  Akt  PH  domain.  This  interaction 
subsequently  causes  conformational  changes  in  Akt, 
resulting  in  the  exposure  of  two  main  phosphorylation  sites 
in  Akt.  Akt  is  then  activated  by  phosphorylation  at  Thr308 
by  Phosphoinositide-dependent  protein  kinase  1  (PDK1)  or 
at  Ser473  by  PDK2.  Activated  Akt  functions  to  promote 
cell  survival  by  inhibiting  apoptosis  through  its  ability  to 
phosphorylate  and  inactivate  several  targets  including  Bad, 
Forkhead  transcription  factors,  and  caspase-9,  all  of  which 
are  involved  in  apoptotic  pathway  (26,  27).  In  the  apoptotic 
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Figure  7.  NF-kappaB  DNA-binding  activity  in  DIM  treated  PC- 
3  and  CRL-2221 cells  tested  by  EMSA.  (Cold  probe:  Unlabeled 
NF-kappaB  oligonucleotide  was  used  as  specific 
competitor  in  DNA-binding  reaction). 


Non  Akt  Mut-Akt  Akt-Myr  Emp-V 

Figure  8.  Luciferase  activity  in  tr  Jfcfected  PC®  ceft  witi 
or  without  DIM  treatments  (No®  no  transttiionP  Akt: 
transfected  with  pLNCX-Akt;  Mut-Akt  transfected  with 
pLNCX-Akt-K179M;  Akt-Myr:  transfected  with  pLNCX- 
Myr-Akt;  Emp-V:  transfecjg|^jth  empty  jffiptor,  pI^JCX; 
*:/t<0.05;  n=2). 

100- 


Transfection  Non  Non  Akt-Myr  Akt-Myr  Emp-V  Emp-V 
Figure  9.  EMSA  and  densitometric  analysis  of  NF-kappaB 
DNA-binding  activity  in  transfected  PC-3  cells  with  or 
without  DIM  treatments  (Non:  no  transfection;  Akt-Myr: 
transfected  with  pLNCX-Myr-Akt;  Emp-V:  transfected 
with  empty  vector,  pLNCX;  *:/?<0.05;  n=2). 

process,  dephosphorylated  Bad  (activated  form  of  Bad) 
translocates  to  mitochondria,  where  it  heterodimerizes  via 
its  BH3  domain  with  anti-apoptotic  BCL  family  members 
such  as  Bcl-2  and  BclXL,  promoting  the  onset  of  apoptosis 
(28-31).  In  this  study,  we  found  that  DIM  treatment  caused 
the  down-regulation  of  EGFR,  suggesting  that  DIM  could 


inhibit  the  activation  of  PI3K  through  decrease  in  growth 
factor  binding.  By  PI3K  kinase  assay,  we  found  that  DIM 
inactivated  PI3K  and  abrogated  the  activation  of  PI3K 
caused  by  EGF,  suggesting  that  DIM  could  inhibit  Akt 
activity  by  inactivation  of  PI3K.  Subsequently,  we  found 
no  changes  in  the  expression  of  un-phosphorylated  Akt  in 
DIM  treated  PC-3  cells.  However,  DIM  decreased  the  level 
of  phosphorylated  Akt,  which  is  the  activated  form  of  Akt. 
This  could  subsequently  increase  the  activated  Bad  binding 
to  Bcl-2  and  BclXL.  We  found  that  DIM  inhibited  the 
expression  of  BclXL,  suggesting  an  increase  in  the  ratio  of 
Bad/BcIXL,  which  could  promote  cancer  cell  to  apoptotic 
cell  death.  Indeed,  we  observed  significant  induction  of 
apoptosis  in  DIM  treated  PC-3  prostate  cancer  cells,  and 
lesser  apoptosis  in  Akt  transfected  PC-3  cells  compared  to 
parental  PC-3  cells.  These  results  suggest  that  the  inhibition 
of  PI3K/Akt  signaling  pathway  by  DIM  is  one  of  the 
mechanisms  by  which  DIM  induces  apoptosis  in  prostate 
cancer  cells. 

It  has  been  well  known  that  NF-kappaB  plays  an 
important  role  in  the  apoptotic  process  (18,  20).  Thus,  DIM 
may  induce  apoptosis  by  modulating  multiple  components 
in  the  Akt  and  NF-kappaB  pathways.  In  this  study,  we 
found  that  DIM  selectively  inhibited  NF-kappaB  DNA- 
binding  activity  in  PC-3  prostate  cancer  cells.  The 
inactivation  of  NF-kappaB  DNA-binding  activity  may  be 
her  nJIhanism  by  which  DIM  induces  apoptosis  in 
,  cellfllt  has  been  reported  that  the  activity  of  NF- 
SP  mm  be  regulated  by  a  variety  of  factors  including 
Akt  has  been  shown  to  enhance  the 
degraSoBMtfl&e  IkappaB  and  induce  NF-kappaB 
activation  (32).  The  ability  of  Akt  to  regulate  NF-kappaB 
activity  may  be  through  direct  interaction  with  the  IKK, 
supported  by  the  observation  that  Akt  is  associated  with  the 
(33jJ!t  has  been  demonstrated  that 
iteJmd  activate  IKK  at  a  critical 
^and  subsequently  activate  NF- 
bdy,  we  transfected  Akt  to  PC-3 
tested  the  effect  of  Akt  on  NF- 
kappaB  DNA-binding  activity  by  EMSA  and  luciferase 
assay.  Our  results  showed  that  Akt  regulated  NF-kappaB 
activation,  and  this  observation  is  in  accordance  with  our 
published  data  (25).  Importantly,  we  found  that  DIM 
abrogated  the  NF-kappaB  activation  stimulated  by  Akt 
transfection,  suggesting  that  the  inhibition  of  NF-kappaB 
activity  by  DIM  is  partly  mediated  through  Akt  signaling 
pathway.  Hence,  the  inactivation  of  DNA-binding  activity 
of  NF-kappaB  by  DIM  appears  to  be  responsible  for  DIM- 
induced  apoptosis  in  PC-3  prostate  cancer  cells. 

NF-kappaB  has  been  described  as  a  major  culprit 
in  cancer  (34),  and  Akt  has  been  known  as  a  key  molecule 
in  cell  survival  (16,  17).  Because  of  their  importance  in  the 
control  of  cell  survival  and  apoptotic  cell  death,  both  Akt 
and  NF-kappaB  have  been  believed  to  be  very  attractive 
therapeutic  targets  for  cancer  therapy  (33,  35-37). 
Therefore,  our  results  indicate  that  the  inhibition  of  Akt  and 
NF-kappaB  activity  could  be  easily  achievable  by  DIM 
treatment,  which  inhibits  cell  growth  and  induces  apoptosis 
in  PC-3  prostate  cancer  cells,  suggesting  that  DIM  may  be 
a  useful  agent  for  the  prevention  and/or  treatment  of 
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prostate  cancer.  More  importantly,  we  found  that  DIM  had 
no  significant  effects  on  cell  growth,  apoptosis,  Akt  and 
NF-kappaB  activity  in  non-tumorigenic  prostate  epithelial 
cells,  suggesting  cancer  cell  specific  effects  of  DIM. 
Similar  cancer  cell  specific  effects  of  13 C  were  also 
reported  previously  by  our  laboratory  in  breast  epithelial 
cells  (38).  The  fact  that  DIM  selectively  inhibits  cell 
growth,  Akt  and  NF-kappaB  activation,  and  induces 
apoptosis  in  PC-3  prostate  cancer  cells,  makes  it  a  potent 
chemopreventive  and/or  therapeutic  agent  against  prostate 
cancer.  Our  results  warrant  further  animal  and  human 
investigations  in  order  to  fully  appreciate  the  value  of  DIM 
in  human  health. 
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